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ABSTRACT 
 
Electrospinning is a technique, which can be used to produce nanofibrous materials 
by introducing electrostatic fields into the polymer solution. Due to their intrinsic 
properties, such as small fiber diameter, small pore size and large surface area, 
nanofibres are suitable for use in a variety of applications including wound dressing, 
filtration, composites and tissue engineering.  
 
The study demonstrates the successful and optimised production of Poly(ethylene 
oxide) (PEO) and chitosan nanofibres by electrospinning. The biocidal effects of 
chitosan, chitosan-silver nanofibres and silver nanoparticles were successfully 
investigated. To set up a functional electrospinning apparatus, the PEO solution 
parameters (concentration, molecular weight, solvent, and addition of polyelectrolyte) 
and applied potential voltage on the structural morphology and diameter of PEO 
nanofibres were studied. At lower PEO concentrations, the fibres had morphology 
with a large variation in fibre diameter, whereas at the higher concentrations, the 
nanofibres exhibited ordinary morphology with uniform but larger fibre diameters. 
Higher molecular weight showed larger average diameters when compared to that 
obtained with the same polymer but of a lower molecular weight. The addition of 
polyelectrolyte to the polymer solution had an influence on the structural morphology 
of the PEO. Flow simulation studies of an electrically charged polymer solution 
showed that an increase in the flow rate was associated with an increase in 
poly(allylamine hydrochloride) (PAH) concentration for the low molecular weight 
polymer, the shape and size of the Taylor cone increasing with an increase in PAH 
concentration for the low molecular weight polymer. During optimization of the PEO 
IX 
 
nanofibres, based on statistical modelling and using the Box and Behnken factorial 
design, the interaction effect between PAH concentration and the tip-to-collector 
distance played the most significant role in obtaining uniform diameter of nanofibres, 
followed by the interaction between the tip-to-collector distance and the applied 
voltage and lastly by the applied voltage. The production and optimization of chitosan 
nanofibres indicated that the interactions between electric field strength and the ratio 
of trifluoroacetic acid (TFA) and dichloromethane (DCM), TFA/DCM solvents as 
well as between electric field strength and chitosan concentration had the most 
significant effect, followed by the concentration of chitosan in terms of producing 
nanofibres with uniform diameters. Chitosan and chitosan-silver nanofibres could be 
successfully electrospun by controlling the solution properties, such as surface tension 
and electrical conductivity with the silver nanoparticles in the chitosan solutions 
affecting the electrospinnability. The silver nanoparticles in the chitosan solution 
modified the morphological characteristics of the electrospun nanofibres, while the 
conductivity and the surface tension were elevated. The fibre diameter of the chitosan 
and chitosan-silver nanoparticles decreased with an increase in the silver content. The 
electrospun chitosan nanofibres had a smooth surface and round shape as compared to 
the silver-chitosan nanofibres with a distorted morphology.  
 
The chitosan and chitosan-silver nanofibres as well as the silver nanoparticles 
exhibited antimicrobial or inhibition activity against S. aureus than against E. coli. S. 
aureus bacterial culture showed good cell adhesion and spreading inwards into the 
chitosan nanofibrous membrane. The chitosan-silver nanofibres exhibited a greater 
minimum inhibitory concentration (MIC), followed by silver nanoparticles and then 
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chitosan nanofibres; suggesting a synergistic effect between the chitosan and silver 
nanoparticles.
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CHAPTER 1 
 
INTRODUCTION 
 
Nanotechnology is an emerging field that has gained tremendous interest over the past 
two decades. The technology requires that materials at the atomic and molecular 
levels are reduced from micrometre into nanometre levels of less than 100nm. As with 
many other fields, nanotechnology includes new material processing techniques of 
constructing nanoscale structures. There are essentially two approaches used in 
nanotechnology, namely: top-down or bottom-up. Depending on the size and shape of 
the nanostructure, the former refers to reducing a bulk material to the desired size, 
while the latter refers to the use of basic building blocks, such as atoms and 
molecules, to synthesize nanomaterials (Ramakrishina et al., 2005).  
 
Due to the enormous potential in applications associated with their properties at the 
nanometre scale, innovative technologies, focused on nanofibre materials, have taken 
advantage of the nanotechnology criterion (<100nm).. When the diameters of 
polymeric fibrous materials are brought down from micrometres to nanometres, there 
emerges several remarkable characteristics, such as very large surface area, flexibility 
in surface functionalities and superior thermo-mechanical performance when 
compared with any other known form of the material. These outstanding properties 
make polymer nanofibres excellent candidates for many important applications, such 
as wound dressing, filtration, composites and sensors (Huang et al., 2003).  
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In recent years, various approaches, such as drawing (Ondarcuhu et al., 1998), 
template synthesis (Feng et al., 2002; Martin et al., 1996), phase separation (Ma et al 
1999), self-assembly (Liu et al., 1999; Whitesides et al., 2002) and electrospinning 
(Dietzel et al., 2001; Reneker et al., 2000; Yarin et al., 2001; Theron et al., 2001) have 
been used to prepare polymer nanofibres. The drawing process, similar to that of dry 
spinning used in the fibre industry, can make very long single nanofibres individually. 
The template synthesis uses a nanoporous membrane as a template to make nanofibres 
of solid (a fibril) or hollow (a tubular) shape. On the other hand, the method cannot 
produce continuous nanofibres individually. The phase separation method consists of 
dissolution, gelation, extraction (using a different solvent), freezing and drying; 
resulting in a nanoscale porous foam. However, similar to the phase separation 
method, the self-assembly technique is time-consuming when processing continuous 
polymer nanofibres. Although all these processes are repeatable, the electrospinning 
process seems to be the only one which can be further developed for the mass 
production of one-by-one continuous nanofibres from different polymers 
(Ramakrishina et al., 2005; Huang et al., 2003). 
 
Electrospinning has gained wide interest as a unique technique capable of producing 
polymer nanofibres with diameters in the range of several micrometres down to tens 
of nanometres (Jayakumar et al., 2010; Ramakrishna et al., 2005; Medeiros et al., 
2009). Although the technique has been around for more than 70 years, 
electrospinning as a viable process was first patented in 1934 (Formhals, 1934). Since 
then, a series of patents have been published (Formhals, 1939; Formhals, 1940; 
Formhals, 1943; Formhals, 1944), describing experimental setups for the production 
of polymer filaments using an electrostatic force. Further interest was revived 
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(Reneker et al., 1996) when this technology indicated the possibility of 
electrospinning a wide range of polymer solutions. Similar work of electrospinning 
was performed using polymer melts (Larrondo et al., 1981). In the electrospinning 
process, a high voltage is introduced to a polymer solution to produce nanofibres (Jia 
et al., 2007; Jacobs et al., 2010
b
; Shalumon et al., 2009). The process can be adjusted 
by varying a number of parameters that drastically affect the outcome of the 
electrospinning technique. These parameters include solution properties, such as 
concentration, processing parameters, such as applied voltage and environmental 
conditions (Jacobs et al., 2010db; Homayoni et al., 2009).  Decreasing the diameter of 
the fibres to nanoscale significantly increases the surface area to volume ratio and 
reduces the pore size, while improving the thermal insulation of the electrospun 
nanofibres. Thus, nanofibres hold considerable promise for uses in a wide variety of 
applications (Patanaik et al., 2010; Subbiah et al., 2005; Greiner et al., 2007).  
 
Due to the intrinsic properties of the electrospinning process, control of the deposition 
of polymer fibres onto a target substrate or the manipulation of the electric fields, 
nanofibres with complex patterns can be formed. Synthesis of nanoscale composite 
fibres by electrospinning from a mixture of polymers and flexible polymers is also 
feasible. The electrospun nanofibres can even be so aligned to construct unique 
functional nanostructures, such as nanotubes and nanowires. Depending on the 
specific polymer being used, a wide range of fibre properties, such as antimicrobial, 
small diameters, porosity and surface functionality, can be achieved. This novel fibre 
spinning technique also provides the capacity to lace together a variety of different 
polymers, fibres and particles to produce ultrathin materials that exhibit new 
functionalities. In some other cases, small insoluble particles can be added to the 
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polymer solution and encapsulated in the dry nanofibres. Soluble drugs or bacterial 
agents can be added and electrospun into nonwoven mats (Frenot et al., 2003).  
 
Cellulose acetate (CA) nanofibres containing silver (Ag) nanoparticles on their 
surface have been produced by UV irradiation of the polymer nanofibres electrospun 
with small amounts of silver nitrate (AgNO3) (Son et al., 2004
c
). It was discovered 
that the nanofibres could be used for antimicrobial separation filters for submicron 
particles. Silver nanofibres with an average size of 21nm, were sufficient to reduce 
the number of Gram positive Staphillococus aureus and Gram negative Escherichia 
coli, Klebsiella pneumoniae and Pseudomonas aeruginosa by 99.9 % after 18 hrs 
incubation.  
 
Nanofibrous materials, produced from natural resources (i.e., biopolymers), 
particularly polysaccharides, are considered to be very useful as biomaterials, due to 
their non-toxicity and potential bioactivity on wound surfaces. This has led to the use 
of many biopolymers, including chitosan, a naturally derived polymer, in nanofibrous 
materials.  
 
Research Objectives 
Considering the potential opportunities that nanofibres could offer, the primary 
objectives of this study are aimed at the production of electrospun nanofibres, 
their optimization and applications. In each case, the quality of the nanofibre is 
dependent on the polymer used. In this study, the influence of processing 
parameters and solution properties on the structural morphology and average fibre 
diameter of electrospun poly (ethylene oxide) PEO and chitosan polymer 
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nanofibres has been investigated.  Also, statistical modelling is utilised to 
optimize the properties of PEO and chitosan nanofibres. Antimicrobial properties 
of chitosan, chitosan-silver nanofibres and silver nanoparticles are determined for 
wound dressing applications. The study is divided into following major phases: 
1) To set up a functional electrospinning process and study the influence of 
electrospinning parameters on the structural morphology and diameter of 
electrospun PEO nanofibres. 
2) To investigate the new applications of statistical modeling in determining the 
optimum parameters during synthesis of PEO. 
3) Optimization of electrospinning parameters on the structural morphology and 
fibre diameter of chitosan nanofibres.  
4) To produce chitosan and chitosan-silver nanofibres and to determine their 
antimicrobial properties for wound-dressing applications.  
 
Research Methodologies 
The research methodologies utilised in this dissertation can be summarised as follows: 
1) The production of PEO nanofibres by the method of electrospinning and 
determining the influence of parameters on the structural morphology and diameter of 
nanofibres. These parameters include polymer concentration, molecular weight, 
addition of polyelectrolyte in PEO solution, solvent effect, as well as governing 
parameters, such as applied potential voltage. Also, various concentrations of 
polyelectrolytes, such as poly (acrylic acid, sodium salt), 35wt% solution in water, 
PAA and poly(allylamine hydrochloride), PAH have been incorporated into the PEO 
polymer solution to improve the properties of the electrospun nanofibres.  
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2) The application of statistical modelling in determining the optimum parameters 
during the synthesis of PEO nanofibres. A factorial design was used to study the 
effect of solution and processing parameters, namely, tip-to-collector distance, applied 
voltage and polyelectrolyte on the electrospinning of PEO nanofibres.  
3) Chitosan nanofibre properties were optimized by the application of statistical 
modelling in determining the effect of polymer solution properties and process 
parameters on the structural morphology and fibre diameter of nanofibres. The 
parameters studied were electric field strength, ratio of solvents - TFA/DCM and 
concentration of chitosan. 
4) Electrospun nanofibres from chitosan and chitosan-silver were produced and their 
antimicrobial properties were determined for wound-dressing applications. Silver 
nanoparticles were incorporated into the chitosan polymer solutions in order to 
enhance the antimicrobial properties of the nanofibres. The effect of the various 
concentrations of silver nanoparticles on the properties of the chitosan polymer 
solutions was investigated.  
5) The structural morphology and diameter of the as-spun nanofibres were studied 
using Environmental Scanning Electron Microscope (ESEM). The surface 
characteristics of the PEO and chitosan electrospun nanofibres were determined by 
means of Atomic Force Microscopy (AFM).  
6) Various concentrations of chitosan and electrospun chitosan-silver nanofibres were 
screened for antimicrobial activity against Gram positive S. aureus and Gram negative 
E. coli bacteria. The minimum inhibitory concentrations of the nanofibres were 
determined. Also, the adhesion and spreading of bacterial cells onto the nanofibres 
was studied, while the adequate contact time required for nanofibres to inhibit 
bacterial growth was established. 
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CHAPTER 2 
 
LITERATURE REVIEW 
 
2.1 Historical Overview of Electrospinning Process 
 
Investigations into the physical phenomena relating to electrostatic spinning, more 
popularly known as electrospinning, go as far as 400 years when a piece of rubbed 
amber placed near a spherical water droplet on a smooth dry surface resulted in the 
shape of the water droplet changing into a cone (Gilbert, 1600). Such deformation of 
liquid bodies under an external electric field underlies the principles of modern 
electrospinning technique, as shown in Figure 2.1(a). The photograph on the left 
shows a spherical drop of water on a flat solid surface; while that on the right shows 
that the shape of the drop becomes conical when a charged PVC rod is brought within 
a suitable distance from it. Subsequently in 1745, the process of electro-
hydrodynamic spraying of fluids was exhibited for the first time, while later, in 1882, 
studies on the electrospinning process were further expanded when thin liquid jets 
were placed in electric fields and their stability condition determined (Bose, 1745; 
Raleigh, 1884).  
 
An electrospinning process for producing ultrathin fibres was probably first patented 
in 1900 (Morton, 1900). In this earlier version of electrospinning process, suitable 
devices such as a Holtz‟ static machine, induction coils of large size, or Tesla and 
Thomson machines for generating high electro-static tension, were employed to create 
fibrous masses.  This invention displayed that the composite liquid, i.e. polymeric 
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solution creates a discharge of electrospinning jets between the positive and negative 
conductors, interconnected with a high voltage machine.  
 
 
Figure 2.1. Types of electrospinning techniques: (a) (i) A spherical drop of water (ii) 
charged into a conical shape when attracted by a charged PVC rod, (b) Formation of 
electrospinning jets and (c) Production of artificial filaments by electrospinning 
(Lukas, 2009). 
 
Nanofibres were collected on a metallic chain on the left that serves as a collector, 
hanging on the negative conductor, as shown in Figure 2.1(b).  
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In 1914, the first published experimental work focused on the causes leading to the 
eventual break-up of the jet once it has left the capillary in a high electric field. In the 
succeeding years, more experimental studies were reported on the deformation and 
breaking  up of water-drops under the influence of  strong electric fields, but no 
theoretical explanations were given at the time (Macky, 1931; Nolan, 1936). Further 
research showed that a monodispersity of droplet sizes could be obtained within the 
range of 1.0–0.1 micrometre (Vonnegut et al., 1952). This work showed that 
electrohydrodynamic spraying was capable of being manipulated within an electric 
field and, as a result, numerous authors ventured into the field (Lyons et al., 2005).  
 
In 1934, a patent entitled „Process and apparatus for preparing artificial threads’ was 
released (Formhals, 1934). In this patent, an experimental set-up was outlined for the 
production of artificial polymer filaments, using an electrostatic force was collected in 
spools, as shown in Figure 2.1(c) for use in common textile applications, such as 
weaving and knitting. This patent illustrated the apparatus for producing artificial 
threads of fibres through electrospinning and the collection of those threads in spools: 
a slender serrated wheel (1) rotates in a pool (2) filled with a polymeric solution. 
Nanofibres (4) are trapped in piles by another slender wheel (3) that serves as a 
collector. A yarn, composed of nanofibres, is continuously removed and collected 
from the rotating collector. In 1969, the conditions and the critical electric potential 
required to transform the droplet of liquid into a cone, commonly referred to as the 
Taylor Cone (Taylor, 1969), for it to exist in equilibrium under the presence of 
electric and surface tension forces, were derived and expressed in the following 
equation: 
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                                                       (2.1) 
 
Where, Vc is the critical voltage, H is the distance between the capillary exit and the 
ground, L is the length of the capillary with radius, R and γ is the surface tension of 
the liquid. 
 
In the electrospinning process, the flow beyond the spinneret essentially comprises the 
elongation of the polymer jet. The minimum spraying potential of a suspended, 
hemispherical, conducting drop in air was calculated as: 
 
,20300 RV                                                                                       (2.2) 
 
Where, r is the jet radiusand V is the voltage. If the surrounding medium is not air but 
a nonconductive liquid which is immiscible with the spinning fluid, drop distortion 
will be greater at any given electric field and, therefore, the minimum spinning 
voltage will be reduced (O‟Konski et al., 1953). This means that if the electrospinning 
process is conducted in vacuum, the required voltage will be lower. Through detailed 
analysis and Taylor„s further investigations on various viscous solutions it was shown 
that in order to balance the surface tension of the polymer with the electrostatic force, 
a  semi-vertical angle 49.3 degrees is required for the cone.  
 
Unfortunately, none of the above-mentioned efforts resulted in an industrially 
manufactured fibrous material, at the time. Also, due to a lack of sufficient equipment 
to characterize the nanoscale dimensions of the electrospun nanofibres, further 
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developments in electrospinning took a considerable period of time. In the 1980s, the 
electrospinning process re-gained popularity due to a growing interest in 
nanotechnology. Since then, ultrathin fibrous structures, derived from various 
polymers with diameters on nanometer scale, were easily fabricated using the 
electrospinning process. During this time, nearly every polymer that was soluble in 
water or solvent was a potential candidate for the electrospinning process. Many of 
the early experiments focused on materials such as PEO that were soluble in water. 
This is due to their low cost, non-toxicity and the easy availability of water as solvent 
(Huang et al., 2003). 
 
New found interest in the production of polymeric nanofibres under laboratory 
conditions, led to an increase in nanofibre research in the early 1990s. Moreover, 
improved production and characterization tools paved the way to a better 
understanding of the electrospinning process and its potential applications. The 
process became and remains, attractive owing to its simplicity, repeatability and cost-
effectiveness when compared to other processes, such as: phase separation and self 
assembly. Since electrospinning is basically a drawing of a polymer fluid from the 
nozzle, there are many different types of polymers and precursors that can be 
electrospun to form fibres. To date, more than 500 polymers have been successfully 
electrospun into nanofibres, most being dissolved in solvents and some as melts. A 
summary of polymers and solvents utilised, together with some potential applications 
of the nanofibres produced, is given in Table 2.1, while Table 2.2 provides some 
information on electrospun nanofibres produced from the melts.  
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Some polymers which melt at high temperatures can also be utilized to form 
nanofibres via electrospinning. Although there are differences between 
electrospinning of polymer solutions and polymer melts, most conditions affect both 
systems.  The electrospinning of polymer melts is normally performed when the 
reservoir containing the polymer solution is maintained at a constant temperature so 
as to maintain the molten state of the polymer. 
 
Table 2.1: Summary of electrospun nanofibres produced from a polymer 
solution (Huang et al., 2003) 
Polymer Solvent Applications References 
Polyurethanes Dimethylformamide Protective clothing Schreuder-Gibson 
et al., 2002 
Collagen Hexafluoro-2-
propanol 
tissue engineering Matthews et.al, 
2002 
Nylon-4,6, PA-4,6 Formic acid Composites 
 
Bergshoef et al., 
1999 
Silk/PEO blend Silk aqueous 
solutions 
Biomaterial 
scaffolds 
Jin et al., 2002 
Polyvinylcarbazole Dichloromethane Sensor, filter Bognitzki et al., 
2001 
Cellulose acetate, Acetone, acetic acid Membrane Liu et al., 2002 
Poly vinyl phenol Tetrahydrofuran Antimicrobial 
agent 
Kenawy et al., 
2002 
Collagen-PEO Hydrochloric acid Wound healing Huang et al., 2001 
 
 
Depending on the temperature, the polymer melt is more viscous than the polymer 
solution. Since the process has to occur in a vacuum (Larrondo, 1981; Ramakrishna et 
al., 2005), electrospinning of a polymer melt requires that the charged fluid emerging 
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from the polymer jet and the collector screen should be enclosed and operated in a 
vacuum. 
 
Table 2.2: Summary of electrospun nanofibres produced from a melt (Huang et 
al., 2003) 
Polymer Material details Processing temp. (
o
C) 
Polyethylene, PE HDPE, Mw = 1.35 x 10
5
 200–220 
Polypropylene Isotactic-PP, MI = 0.5 220–240 
Nylon 12, PA-12 Mw = 3.5 x 10
4
 220 
Polyethylene terephthalate, 
PET 
Mw = 4.6 x 10
4
 270 
Polyethylene naphthalate, 
PEN 
Mw = 4.8 x 10
4
 290 
PET/PEN blends 75/25, 25/75 (wt. %) 290 
 
2.2 Fundamental Aspects of Electrospinning 
 
Electrospinning is a simple and relatively inexpensive process in which electrostatic 
fields are introduced in a polymer solution to produce nanofibres (Jacobs et al., 2010; 
Patanaik et al., 2007; Theron et al., 2005; Subbiah et al., 2005). It is a process that 
relies on electric charges to distort a conical droplet of polymer solution ejected from 
a nozzle tip into ultra-thin fibres (Park et al., 2007; Yoshimoto et al., 2003; Ma et al., 
2005; Min et al., 2004). Nanofibres produced by this process exhibit novel and 
significantly improved physical, chemical and biological properties; due to their nano-
scale diameters. Owing to their large surface area to mass ratio and small diameters 
(Figure 2.2) and as well as high pore volume, nanofibres find a wide application in a 
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variety of areas, including wound dressing, filtration, drug delivery, composites, 
sensors and others (Subbiah et al., 2005; Agarwal et al., 2009; Ding et al., 2009; Li et 
al., 2009; Demir et al., 2002). These fibrous materials can also be incorporated into 
conventional textile products as well as other structures, like coatings, laminates, 
blends and additives (Jacobs et al., 2010
a
). 
 
 
Figure 2.2. Surface area and diameter of electrospun nanofibres (Ko, 2004). 
 
Unlike traditional methods of fibre formation, such as dry spinning or wet spinning, 
electrospinning uses an applied electric voltage to stretch a polymer solution or melt 
into ultrafine fibres. A typical electrospinning setup consists of a high voltage power 
supply, a spinneret, such as a pipette with a fine tip or a syringe with a small diameter 
needle, a metallic collector screen and a pressure pump as illustrated in Figure 2.3. In 
the electrospinning process, one electrode is positioned into the spinning solution or 
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melt, while the other is attached to a collector. The flow of the polymer solution, 
contained in the syringe, is produced by plunging the solution using metering pump.   
 
 
Figure 2.3. Schematic diagram of the electrospinning process (www.che.vt.edu). 
 
A high voltage electrostatic force is generated between the two electrodes (Reneker et 
al., 2007; Dietzel et al., 2001). Subsequently, the electric field is applied to the tip of 
the spinneret containing the solution, which is held by its own surface tension and as a 
result, a charge is induced on the surface of the liquid. As the strength of the electric 
field is increased, the curved surface of the fluid at the tip of the spinneret elongates to 
form a conical shape known as the “Taylor cone” (Figure 2.4). When the electric field 
is further increased, a critical value is attained at which the repulsive electrostatic 
force overcomes the surface tension of the polymer solution. As a result, the charged 
jet of the fluid is ejected from the tip of the Taylor cone as shown in Figure 2.4. The 
ejected polymer solution, in the form of a jet, undergoes a bending instability and 
elongation and which allows the stretching of the jet into a very long and thin 
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substance. At the same time, a rapid evaporation of the solvent occurs, thus leaving 
behind dry nanofibres (Huang et al., 2003). It has the misleading appearance of 
forming multiple filaments from one spinneret nozzle; however the current theoretical 
information does not support the splitting of the filament from a single jet into a 
multiple-filament (Fong et al., 2001).  
The jet travels in a straight line until it is disturbed by external forces that cause the jet 
to destabilize and whip in a chaotic motion. The strong thinning of the jet as well as 
the strong elongated deformation taking place during electrospinning have been 
attributed to this mode of instability. During the instability, the solvent evaporates 
resulting in the dry nanofibres being deposited on the collector screen in a mesh of 
nanofibres. 
 
Figure 2.4. Schematic illustration of the formation of a Taylor cone with increasing 
applied voltages. 
 
The electrospinning technique has been successfully applied to spin a number of 
synthetic and natural polymers into fibres many kilometres in length (Jiang et al., 
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2004; Huang et al., 2001; Matthews et al., 2002; Frenot et al., 2003; Reneker et al., 
1996; Pham et al., 2006; Jacobs et al., 2011
c
) 
 
For a successful electrospinning process, the following requirements should be met: 
a) A suitable solvent should be available to dissolve the polymer.  
b)  The vapour pressure of the solvent should be sufficient for it to evaporate 
quickly enough for the fibres to maintain their integrity but also slow enough 
to allow the fibres to become dry before they reach the target. 
c) The viscosity and surface tension of the solvent should not be so large that it 
prevents the jet from forming, nor should it be so low that it causes dripping of 
the solution from the nozzle 
d) The tip-to-collector distance (TCD) should not be so small that it causes 
sparks between the electrodes and also has to be large enough to allow the 
fibres to dry properly before reaching the collector. 
 
Taking into cognizance the above-mentioned conditions, the process can be adjusted 
by varying a number of parameters that govern the electrospinning process. These 
parameters include solution properties (polymer concentration, molecular weight, 
viscosity, surface tension, dielectric constant and conductivity), processing parameters 
(applied voltage, electric field strength, tip-to-collector distance, flow rate) and 
ambient conditions (temperature and humidity).  The structural morphology and 
diameter of the resultant nanofibrous material depend on factors that will be discussed 
in Section 2.3.  
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Due to the challenges associated with the low production of single nozzle 
electrospinning, a lot of attention has been paid to the development of large-scale 
electrospinning techniques. The strategy of improving the nanofibre production is 
mainly based on increasing the number of needle nozzles i.e., multi-needle spinneret 
(Ding et al., 2004; Kim et al., 2006; Theron et al., 2005). However, the multi-needle 
spinneret needs a large operating space and careful design of the relative spacing 
between the needles so that strong charge-repulsion between the jets and adjacent 
needles and the associated uneven fibre deposition can be avoided. 
 
Recently, needleless electrospinning setups have been developed (Lukas et al., 2008; 
Yarin et al., 2004; Jirsak et al., 2006; Dosunmu et al., 2006). Without using a needle 
nozzle, a number of jets could be generated even from a widely opened liquid surface. 
A pioneering study was reported where a magnetic fluid was used to agitate the 
uppermost polymer solution in order to initiate the concurrent production of multiple 
jets from a flat polymer solution surface (Yarin et al., 2004). Subsequently, the 
generation of multiple jets from a liquid uploaded onto a slowly rotating horizontal 
cylinder, which was subsequently commercialized by Elmarco under the brand name 
of Nanospider, was described (Jirsak et al., 2006). In addition, the formation of 
multiple jets using a tubular plastic foam spinneret was reported (Dosunmu et al., 
2006). Also, the novel concept of using a wire coil as the electrospinning nozzle 
appear to hold promise for further development of a new, large-scale needleless 
electrospinning system for nanofibre production in large volume.   
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2.3 Factors Affecting Nanofibre Properties 
 
Although the process is easily realizable in the laboratory, electrospinning is a 
complex phenomenon to analyze because of the interaction between the electric field 
and the deformation of the fluid, which in turn is determined by the rheology of the 
material (Reneker et al., 2002; Theron et al., 2005). This section deals with the 
influence of many parameters, such as, solution properties, processing and ambient 
conditions, on the transformation of a polymer solution into electrospun nanofibres. It 
is important and necessary to control these parameters since they affect the structural 
morphology and diameter of the resultant electrospun nanofibres which are dependent 
on these.  
 
2.3.1 Polymer Solution Parameters 
 
One of the most significant qualities related to electrospun nanofibres is the fibre 
diameter. The research reported, thus far, has indicated that for proper nanofibre 
formation, it is always desirable that; (i) the diameters of the fibres are consistent and 
controllable, (ii) the fibre surface is defect-free or defect-controllable and (iii) 
continuous single nanofibres are collectable. To date, research work on 
electrospinning indicates that the above-mentioned attributes desirable are not easily 
achievable, the solution parameters being considered as one of the most important 
factors in terms of the structural morphology and diameter of electrospun nanofibres 
(Huang et al., 2003). Solution properties include the polymer concentration, viscosity, 
polymer molecular weight, conductivity, surface tension, dipole moment and 
dielectric constant. The effects of the solution properties can be difficult to isolate, 
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however, since varying one parameter can generally affect the other, for example, 
changing the conductivity can also change the viscosity of the solution (Pham et al., 
2006). 
 
2.3.1.1 Effect of Polymer Concentration 
Polymer concentration is one of the most important parameters in the electrospinning 
process; as it influences the viscosity of the solution. The relationship between the 
polymer viscosity and/or concentration on the fibre properties has been studied and 
extensively reported for a number of polymers, including: poly(D-L-lactic acid) 
(PDLA), poly(lactic-co-glycolic acid) (PLGA), poly(ethylene oxide) (PEO), 
poly(vinyl alcohol) (PVA), poly(methyl methacrylate) (PMMA), polystyrene and 
chitosan (Zong et al,. 2002; Kim et al., 2005; Jacobs et al., 2010
b
; Zhang et al., 2005; 
Gupta et al., 2005; Jarusuwannapoom et al., 2005).  
 
Although the range of concentrations that can produce nanofibres will obviously vary 
depending on the solvent used, the forces of viscosity and surface tension will 
determine the upper and lower boundaries of the processing window, if all other 
variables are kept constant. At low viscosities (  < 1 poise), surface tension has the 
dominant influence on fibre morphology and below a certain solution concentration, 
drops will form instead of fibres. At high viscosities (  > 20 poise), processing will 
be hindered by the inability to control and maintain the flow of the polymer solution 
at the tip of the spinneret and by the cohesive nature associated with the high viscosity 
(Deitzel et al., 2001). Generally, when the concentration of the solution is increased, 
the viscosity increases, resulting in more entanglements of the polymer chain in the 
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solution, which yields fibres with larger diameters (Fong, et al.
b
, 1999; Mckee et al., 
2004). This is possibly due to the greater resistance of the polymer solution when 
being stretched by the electrical charges on the electrospinning jet. A previous study 
(Ramakrishna et al., 2005) indicates that low concentration solutions form droplets 
due to the influence of surface tension, while higher concentration solutions prohibit 
fibre formation due to the higher viscosity.  
 
Studies on the effect of PEO solution concentration revealed that when the 
concentration of the solution was increased, fibre diameter increased (Patanaik et al., 
2010; Jacobs et al., 2011
d
). The following power law relationship illustrates the 
demonstration on the dependence of the average fibre diameter on solution 
concentration for polyurethane fibres: 
 
3Cd                              (2.3)  
 
Where d (proportional to C
3
) is the diameter of the electrospun nanofibres, C is the 
solution concentration and the exponent, in this case 3, is a scaling factor which 
differs greatly according to the type and the properties of a polymer (Demir et al., 
2002; He et al., 2008). In some other cases, a combination of the electrospinning 
parameters may result in beaded fibres being formed at lower polymer concentrations 
and smoother nanofibres at higher concentrations, as illustrated in Figure 2.5.  
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Figure 2.5. SEM photographs showing different structural features during a bead-to-
fibre transition (Eda et al., 2007). 
 
The morphological transition, namely, bead-to-fibre transition of electrospun polymer 
has been examined for polystyrene. At low concentrations, a few incipient fibres were 
observed emerging from some beads as shown in Figure 2.5(b). The fraction of such 
incipient fibres increased with concentration as shown in Figure 2.5(c), while the 
structure of the beads varied significantly and the formation of cups with submicron 
pores was observed. Further increases in polymer concentration resulted in a 
continuous structure in which all beads were connected by fibres as shown in Figure 
2.5(d). Above this concentration, the occurrence of beads diminished and their shape 
became more spindle-like, as shown in Figure 2.5(e), until complete and smooth 
fibres were formed at higher concentrations (Eda et al., 2007), as shown in Figure 
2.5(f).  
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2.3.1.2 Effect of Viscosity and Molecular Weight 
When a solid polymer is dissolved in a solvent, the solution viscosity is proportional 
to the polymer concentration. Thus, the higher the polymer concentration the larger 
will be the resulting nanofibre diameters, generally. Solution viscosity, as varied by 
changing the polymer concentration, is one of the most significant parameters 
influencing the fibre diameter and morphology when electrospinning polymeric 
fibres, thus a higher viscosity generally results in a greater fibre diameter. Increasing 
the solution viscosity by increasing the polymer concentration yields uniform fibres, 
with the formation of fewer beads (Deitzel et al., 2001; Jarusuwannapoom et al., 
2005). Figure 2.6 shows representative images of bead formation in electrospun 
nanofibres. Beads and beaded fibres are less likely to be formed with high viscous 
solutions. The diameter of the beads become bigger and the average distance between 
beads on the fibres becomes greater as the viscosity increases. Viscosity has a 
dominant effect on the jet, such that, at low polymer concentration, defects, in the 
form of beads and droplets, have been observed (Kulkarni et al., 2010; Demir et al., 
2002; Kenawy et al., 2003).  
 
Variation in solution viscosity is responsible for many of the morphological changes 
in fibres. For too concentrated solutions, the droplets dried out at the needle tip itself, 
even before polymer jets could be initiated, thus preventing electrospinning (Demir et 
al., 2002; Duan et al., 2004). Hence, attempts have been made to quantify the 
minimum solution concentrations and viscosities required for successful 
electrospinning of fibres from a given polymer.  
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Figure 2.6. SEM photographs of electrospun nanofibres from different polymer 
concentrations (Haghi et al., 2007). 
 
To gauge the effect of polymer molecular weight on the morphology of the 
nanofibres, a critical chain overlap concentration (c*) was determined and it was 
revealed that c* decreased with increasing molecular weight (Gupta et al., 2005). 
Molecular weight of the polymer reflects the number of entanglements in the polymer 
chains of a solution and is thus related to solution viscosity. Hence, even when 
polymer concentration is low, high molecular weight polymer can maintain a 
sufficient number of entanglements in the polymer chains, to provide an adequate 
level for solution viscosity and hence producing a uniform jet during electrospinning 
and restrain the effect of surface tension, which influences bead formation (Tan et al., 
2005). 
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Molecular weight also has a significant effect on the polymer rheological and 
electrical properties, such as: viscosity, surface tension, conductivity and dielectric 
strength. It has been observed that a very low molecular weight solution tends to form 
beads rather than fibres, while higher molecular weight polymer solutions produce 
fibres with higher average diameter. In some cases, increasing the concentration of a 
polymer solution can also affect its surface tension (Deitzel et al., 2001). 
 
2.3.1.3 Effect of Solvent Dielectric Constant 
The type of solvent used during electrospinning has a significant effect on the 
resultant nanofibres. This is due to some of the parameters such as the dielectric 
constant associated with the polymer solution, influencing the formation of the 
electrospun nanofibres. Generally, a solvent with a higher dielectric constant 
encourages solvent evaporation and reduces bead formation, resulting in the 
formation of nanofibres with lower average diameter (Ramakrishna et al., 2005; Son 
et al., 2004
b
). The electrospinning process involves rapid solvent evaporation and 
phase separations due to evaporation of the jet. The solvent vapour pressure, 
critically, determines the evaporation rate and drying time, hence solvent volatility 
plays a major role in the formation of nanostructures by influencing the phase 
separation process (Subbiah et al., 2005).  
 
Although different solvents may have different surface tensions, a lower surface 
tension of the solvent will not necessarily always be more suitable for electrospinning. 
As an example, a mixture of solvents, with a ratio of 2 parts acetone to 1 part 
dimethyl acetamide (DMAc)  yielded cellulose acetate (CA) nanofibres free of beads, 
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whereas  the DMAc solvent alone produced only beads without any fibres (Liu et al., 
2002). 
 
The morphology and average diameter of electrospun fibres are affected by the type 
of solvent as shown in Figure 2.7 for PEO, where the average diameters of the PEO 
fibres ranged from 360 to 1960 nm. The finest PEO fibres (360 nm) were obtained 
from a 7 wt% PEO/water solution (Son et al., 2004
b
).  When ethanol was added to the 
PEO/water system, the diameter of the electrospun fibres increased and the bead-on-
string morphology disappeared (Jacobs et al., 2010
b
). The authors attributed this to the 
reduction in the charge density carried by the jet and the increase in the viscosity and 
evaporation rate of the mixed solvent.  
 
Dimethyl formamide (DMF) was successfully used as a solvent for the 
electrospinning of poly(acrylonitrile) (Buchko et al., 1999) and poly(urethaneurea) 
copolymer; whereas, for biodegradable poly(p-dioxanone-co-L-lactide)-
blockpoly(ethylene glycol) copolymer, a mixture of dichloromethane and DMF had to 
be used (Bhattarai et al., 2004). 
 
Previous literature indicates that different minimum concentrations of PEO were 
applied for different types of solvents. The study showed that the solvent used has an 
influence on the structural morphology and diameter of the electrospun nanofibres, 
while the average diameters of the fibres increased with an increase in PEO 
concentration (Son et al., 2004
a
). 
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Figure 2.7. SEM images of ultrafine PEO fibres electrospun from chloroform, 
ethanol, DMF and water solutions, respectively, at minimum concentrations (Son et 
al., 2004
a
). 
 
The effect of the mixture of good/poor solvents on fibre morphology indicates that the 
polyvinyl butyral (PVB) fibres obtained from the solvent mixture of 
Tetrahydrofuran/Dimethylsulfoxide (THF/DMSO) (9/1 v/v) exhibit a highly porous 
structure (Lubasova et al., 2011). 
 
Also, solvents with high vapor pressures, e.g. carbon disulfide, have been discussed as 
the cause of the nanoporous morphology observed in electrospun polystyrene (PS) 
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fibres. Chloroform was found to be the best solvent for producing highly textured 
poly(methyl methacrylate) (PMMA) fibres (Megelski et al., 2002; Wannatong et al. 
2004). 
 
2.3.1.4 Effect of Solution Conductivity 
Generally, the electrical conductivity of a solution is reflected in a charge density on 
the jet, thus causing elongation of the jet by an electrical force. Therefore, under the 
same applied voltage and spinning distance, a solution with a higher electrical 
conductivity may cause a higher elongation of the jet along its axis resulting in 
electrospun nanofibres with smaller diameters (Tan et al., 2005). Therefore a 
significant reduction in the diameter of electrospun nanofibres can be obtained when 
the electrical conductivity of the solution increases. Beads may occur when the 
conductivity of the solution is low, due to the elongation of the jet by the electrical 
force that can be insufficient to produce uniform fibres. It has been reported that by 
increasing the solution conductivity or charge density, more uniform fibres with fewer 
beads can be produced (Huang et al., 2001; Fong et al., 1999; Zuo et al., 2005; Kim et 
al., 2005; Kim et al., 2005). Normally, electrospun nanofibres with the smallest 
diameter can be obtained with the highest electrical conductivity, confirming that the 
reduction in the diameter of the fibres is due to the increased electrical conductivity 
(Kilic et al., 2007). The charged ions in the polymer solution are highly active in jet 
formation, increasing the charge carrying capacity of the jet, by subjecting it to a 
higher tension when the electric field is applied (Subbiah et al., 2005).  
 
Increased instability of the jet, due to the inclusion of charged ions in the electrospun 
polymer solution, leads to an increased length of the jet path and finer fibres (Choi et 
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al., 2004). The addition of salt increases the solution conductivity and diminishes 
bead formation. Certain studies indicating that salts with smaller ionic radii produce 
fine fibres while salts with larger ionic radii yield coarse fibres, have been reported 
(Zong et al., 2002). Earlier work indicated that the critical voltage for electrospinning 
to occur is reduced by the addition of ions which increase the conductivity of the 
solution (Son et al., 2004
a
).  
 
2.3.1.5 Effect of Surface Tension 
The surface tension of a solution, determines the upper and lower boundaries of the 
electrospinning window, if all other variables are kept constant. However, not 
necessarily a lower surface tension of a solvent will always be more suitable for 
electrospinning. The formation of droplets, beads and fibres can be influenced by the 
surface tension of the solution. In general, a lower surface tension of the spinning 
solution enables electrospinning to occur at a lower electric field (Haghi et al., 2007; 
Magarvey et al., 1962). 
 
The surface tension of a liquid is often defined as the force acting at right angles to 
any line of unit length on the liquid surface. By reducing the surface tension of a 
polymeric solution, fibres can be obtained without beads. The surface tension appears 
more likely to be a function of solvent compositions, but is negligibly dependent on 
the solution concentration. Different solvents may produce different surface tensions. 
The influence of surface tension on the morphology and diameter of electrospun 
nanofibres was investigated (Zuo et al. 2005; Kulkarni et al., 2010). In the study, 
Polyhydroxybutyrate-co-valerate (PHBV) solutions with different surface tensions 
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and similar conductivities were obtained using triethybenzyl ammonium chloride and 
it was found that bead formation was affected by surface tension. It has been found 
that, PEO bead-fibres gradually changed to ultrafine-fibres by the addition of ethanol 
(Fong et al., 1999
b
). It showed that a lower surface tension and a higher evaporation 
rate of the solvent, due to the addition of ethanol, lessened the tendency to form 
beads. 
 
2.3.1.6 Effect of salt/polyelectrolyte 
Besides the viscosity and surface tension of the solution, the net charge density 
carried by the electrospinning jet is another important factor which largely influences 
the morphology of electrospun nanofibres (Fong et al., 1999
b
). Previous experiments 
showed that beads became smaller and spindle-like with an increase in the net charge 
density (Liu et al., 2008). 
 
Addition of salts to the polymer solution increases the conductivity of the solution 
which in turn increases the surface charge density of the solution jet. It has been found 
that the addition of salts to polymer solutions reduced bead defects and decreased 
fibre diameter when a rotating drum was used as the collecting device. The presence 
of beaded fibres due to an insufficient amount of NaCl was quantified using the ratio 
of the maximum to minimum diameter of fibre segments from SEM images taken at a 
magnification of 10000X. The mean diameter ratio for fibres spun with and without 
the addition of NaCl was 1.16 and 1.66, respectively (Beachley et al., 2009). Ions with 
smaller atomic radii have higher charge densities and thus higher mobility under an 
external electric field. In a study involving NaCl and KH2PO4, the sodium and 
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chloride ions had smaller radii than the potassium and phosphate ions. As a result, the 
electrospun fibres from the PDLA solution containing 1% wt NaCl produced fibres 
with average diameters, which were lower than those of fibres from the solution with 
1 wt% (Zong et al., 2002). 
 
2.3.2 Electrospinning Process Conditions 
 
This section deals with the electrospinning processing variables, including the effects 
of the applied voltage, tip-to-collector distance, type of collector and feed rate, as well 
as their relationships with the structural morphology and diameter of electrospun 
nanofibres are discussed in the following sections.  
 
2.3.2.1 Applied Voltage 
In terms of process variables, applied voltage is one of the most studied parameters. In 
the electrospinning process, the electrical charges can be influenced by the intensity 
of the electric field, which in turn can affect the jet pathway. Hence, many attempts 
have been made to control the electrospinning process by changing the electric field. 
At low applied voltages, a drop of polymer typically remains suspended at the needle 
tip and a jet will originate from the Taylor cone, producing a bead-free thin fibre, 
assuming that the force of the electric field is sufficient to overcome the surface 
tension of the solution. As the voltage is increased, the volume of the drop at the tip 
decreases and the Taylor cone narrows down (Deitzel et al., 2001). The changes in the 
applied voltage are reflected in the shape of the suspended droplet at the nozzle of the 
spinneret, its surface charge, the dripping rate and the velocity of the flowing fluid 
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and hence in the structural morphology of the electrospun fibres. If the electrical force 
is zero, a pendent droplet will be observed. Similar observations were experimentally 
made when an increase in applied voltage caused a change in the formation of the jet 
initiating point and also the structure and morphology of the fibres (Deitzel, et al., 
2001). It emerged that the change in the electrical voltage was related to a change in 
the instability mode of the jet during electrospinning, as shown in Figure 2.8. In this 
study, it was found that, at voltages of 7 kV or more, the cone receded and the jet 
originated from the liquid surface within the syringe tip.   
 
 
Figure 2.8. Initiating jet (top) and the corresponding fibres (bottom) produced by 
electrospinning a 7 wt% PEO/water solution at a voltage of a) 5.5 kV, b) 7.0 kV and 
c) 9.0kV (Deitzel et al., 2001)
a
. 
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Investigations on the electrospinning of polystyrene indicated that fibre diameter 
depends on the applied voltage, the diameter decreasing from about 20 μm to 10 μm 
with an increase in voltage from 5kV to 12kV (Megelski et al., 2002). During 
electrospinning of PDLA solution, it was found that the shape of the beads gradually 
changed from spindle-like to spherical-like (Zong et al., 2002). A voltage-diameter 
dependence has also been observed in the electrospinning of polyurethane and 
polyamide- 6 fibres (Demir, et al., 2002; Mit-uppatham, et al., 2004). 
 
2.3.2.2 Effect of Tip-to-collector Distance 
The distance between the tip of the nozzle and the collector has a direct effect on the 
flight time of the jet as well as the electric field strength. During electrospinning 
process, it is important to adjust the tip-to-collector distance in such a way that the jet 
has enough flight time for the solvent to evaporate so as to prevent the production of 
wet fibres and possible bead formation. In the electrospinning of polyacrylonitrile-
iron acetylacetone, it was found that when the tip-to-collector distance was too small 
and the jet did not have enough time to dry, leading to varying structural morphology 
with spindles (Du et al., 2008). Likewise, when the distance was too long, the jet had 
enough time to dry, but the associated reduction in the electric field strength resulted 
in non-uniform fibres being produced. It has been found that an optimum distance is 
required between the tip and the collector to allow sufficient drying time for the fibres 
before reaching the surface of the collector. At distances that are either too small or 
too large, bead formation occurs (Ki et al., 2005). Regardless of the concentration of 
the polymer solution, shorter nozzle-collector distances produce wet fibres and 
beaded structures. Aqueous polymer solutions require a greater distance for the 
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formation of dry fibres than systems using highly volatile organic solvents (Buchko 
et.al., 1999).  
 
2.3.2.3 Effect of Collector Designs 
For many applications, a controllable distribution of nanofibres along a preferred 
direction is necessary, which is of interest for applications in structural reinforcement 
with nanofibres and for tissue engineering in order to give cells a growth direction. In 
the past few years, a number of techniques have been developed to collect electrospun 
nanofibres directly as aligned arrays using collectors with various geometries. In one 
study, two different types of collectors were used; a pair of split electrodes and a 
patterned square electrode with a hollow centre, respectively, to collect electrospun 
nanofibres (Zhang et al., 2008). The study revealed that the effects of electric 
potential and Coulombic interactions were decisive in the collecting process, as 
shown in Figure 2.9.  
 
In one study, PLLA and PLGA fibres were collected on metallic collectors and in a 
reservoir filled with water or methanol (Kim et al., 2005). It was found that smooth 
fibres were obtained on the metallic collector. Collecting the fibres on the water 
surface caused shrinkage of the hydrophobic polymer fibres, whereas collecting on 
the methanol surface caused swelling of the fibres. 
 
- 35 - 
 
 
Figure 2.9. Setup for preparing aligned electrospun nanofibres. The inset illustrates 
the expected patterns of the electric field between electrodes (Zhang et al., 2008). 
 
Framed collectors generally yield aligned fibres, with a conductive frame producing 
better alignment than a nonconductive one (Huang et al., 2003). Aligned 
polyacrylonitrile electrospun nanofibres and their characterization have been 
systematically studied (Jalili et al., 2008). 
 
2.3.2.4 Effect of Feed Rate 
Feed rate has not been found to have a significant effect on maximum fibre length, 
diameter or uniformity (Ramakrishna et al., 2005). Once the feed rate is sufficient for 
forming fibres, higher feed rates only provide more polymer solution than required. It 
was observed that the amount of the excess polymer solution formed at the needle tip, 
increased with increasing feed rate (Beachley et al., 2009). Nevertheless, modifying 
the feed rate of the polymer solution from the nozzle is another way of controlling the 
structural morphology and diameter of electrospun nanofibres, provided that all other 
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parameters are kept constant. When the feed rate is increased, there is a corresponding 
increase in the fibre diameter and bead size. This is due to a greater volume of 
polymer drawn from the nozzle and the fibres do not have sufficient time to dry 
before reaching the collector screen (Ramakrishina et al., 2005; Du et al. 2008). 
Hence, this shift in the mass-balance results in a sustained, but unstable jet and as a 
result, fibres with large beads are obtained. 
 
2.3.3 Electrospinning Environmental Parameters 
 
Most of the research work referred to above focused on solution and process 
parameters. Nevertheless, ambient conditions, such as humidity, temperature and 
ambient gas composition influence the process and outcome of electrospinning. A 
higher solution temperature is known to generate thinner nanofibres because of the 
decrease in viscosity of the polymer (Wang et al., 2007). For example, when 
electrospinning polyamide-6 fibres at temperatures ranging from 25 to 60°C, it was 
found that increasing the temperature decreased the fibre diameter which was 
attributed to the decreased viscosity of the polymer solution at high temperatures 
(Mit-uppatham et al., 2004).  
 
It has been found that an increase in ambient humidity decreased the diameter of PEO 
nanofibres, eventually resulting in beaded fibres. Although, the effect of the polymer 
solution temperature on electrospinning has been studied, no studies on the influence 
of the surrounding temperature on fibre diameter and nanofibrous structural properties 
have been reported (Givens et al., 2007; Wang et al., 2007). Recently, a model for 
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electrospinning was developed for aqueous polymer solutions which indicated that 
relative humidity (RH) had a minor effect on fibre diameter (Table 2.3). While 
spinning polystyrene (PS) solutions, humidity was varied in the following ranges - 
<25%, 31-38%, 40-45%, 50-59%, and 60-72%.  
 
Table 2.3: The influence of relative humidity on the polystyrene electrospun 
nanofibres (Casper et al., 2004; Baumgarten, 1971) 
RH range (%) Observations 
>25 smooth fibres without pores 
31-38 uniform fibres with randomly distributed 
circular pores 
40-45 small number of uniform fibres with 
circular pores distributed on the surface 
50-59 abundant non-uniform small fibres with 
pores distributed on the surface and little 
space between adjacent pores 
60-72 non-uniform large fibres with pores 
distributed on the surface 
 
It has also been observed that acrylic fibres spun at a relative humidity of more than 
60% did not dry properly and became entangled on the surface of the collector 
(Baumgarten, 1971). Because of its influence on the properties of the resulting 
nonwoven, controlling the diameter of the fibres is important.  
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2.4 Formation of Continuous Nanofibres 
 
Over the years, the technique of electrospinning has been successfully exploited to 
fabricate nanofibres from a wide range of polymers, including polymer blends, 
biopolymers, conducting polymers, block copolymers (Srinivasan et al., 1995). With 
the growing interest in the field, it has also been extended to the generation of 
nanofibres made of ceramics and composite materials (Larsen et al., 2003). Due to 
limitations by the chaotic motion of the highly charged jet, the electrospun fibres are 
often collected as randomly oriented nanostructures in the form of nonwoven mats. 
Although these mats are of great interest in applications that include wound dressings 
and tissue engineering (Kovtyukhova et al., 2002; Huang et al., 2001; Favier et al., 
2001; Melosh et al., 2003; Kim et al., 2001), their random structures are problematic 
in devices such as: microelectronics and photonics, which require well aligned and 
highly ordered architectures such as illustrated in Figure 2.9.  
 
The challenge of controlling the spatial orientation of electrospun fibres has been met 
with some degree of success, with mechanical and electrostatic means been explored 
to improve the alignment of electrospun nanofibres. A series of collectors have been 
used, including a wheel-like bobbin which posed a challenge because of its sharp edge 
(Reneker et al., 1995; Zussman et al., 2003). It was found that the as-spun fibres could 
be aligned relatively parallel to each other when a drum rotating at high speed was 
used as the collector. Yarns of aligned poly (ethylene oxide) fibres were obtained by 
introducing an electrostatic lens element to stabilize the liquid jet (Deitzel et al., 
2001). Aligned nylon-6 nanofibres were produced by rapidly oscillating a grounded 
frame within the jet (Fong et al., 2002). A simple and versatile method, which 
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generated uniaxially aligned nanofibres over large areas, involved introducing a gap 
into the conventional collector (Li et al., 2003). A metal frame which generates 
parallel arrays of polyamide nanofibres having an average diameter of 50 nm has also 
been used as the collector (Dersch et al., 2003). With varying degrees of success, the 
above-mentioned collectors were exploited to control the orientation of electrospun 
nanofibres for various applications for which randomly oriented structures were not 
suitable. Well-aligned nanofibers of PEO were obtained by placing a cylindrical 
magnet within the electric field. However, no particular structure could be associated 
with the other sides of the magnet (John et. al., 2010). 
 
2.5 Production of Nanofibre with Different  
 Structural Morphologies 
 
Previous studies have demonstrated that it is possible to generate electrospun 
nanofibres using uniaxially aligned arrays and to manipulate individual nanofibres by 
modifying the design of the collector. This section deals with the production of 
different structural morphologies of electrospun nanofibres using different collector 
systems, such as the parallel collector and rotating collector, for various applications. 
 
2.5.1 Parallel Collector 
 
Nanofibres hold considerable promise, but the production of the long continuous 
individual nanofibres required for many applications remains a formidable challenge, 
as already mentioned in Section 2.4. The production of increasingly longer 
nanofibres, collected by the parallel plates method, using increasingly larger plates 
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expands the potential uses of electrospinning in applications that require very long 
continuous nanofibres (Beachley et al., 2009). It is imperative, however, to consider 
whether the limiting factor for maximum fibre length is the formation of continuous 
and perfectly oriented fibres or the adhesion of such fibres to the plates without 
breaking. In one study, it was found that under certain conditions, fibres could be 
extended across two parallel plates; they however, broke under their own weight (Li 
et al., 2003). The study indicated that the electrical properties of the jet and the 
electric field have an effect on the fibre length and diameter as was also observed with 
effect of polymer concentration and applied voltage on maximum fibre length. As 
illustrated in Figure 2.10, the forces acting on the fibres after contact with the plate 
are: adhesion to the plate, the weight of the fibre, electrostatic attraction to the plate, 
electrostatic attraction to the ground, electrostatic repulsion from other collected 
fibres and collisions with other fibres (Beachley et al., 2009).  
 
Fibre diameter is a variable that reflects all of the forces acting on the fibre after 
contacting the plate, therefore, if plate adherence or fibre strength were major factors 
in limiting maximum fibre length then it could be expected that fibre diameter would 
be strongly related to fibre length. Results obtained on Polycaprolactone (PCL) 
showed a trend for the maximum fibre length with an increase in fibre diameter, but 
the wide range of diameters which occurred for each fibre length suggested only a 
weak relationship between maximum fibre length, and fibre diameter. This would 
tend to discount the theory that plate adhesion or fibre strength has a strong limiting 
effect on the maximum fibre length for PCL (a relatively elastic material), across two 
parallel plates at the distances investigated. 
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The results suggested that it would be possible to extend the maximum fibre length by 
increasing the polymer solution concentration or increasing the size of the plates. 
Polymer solution concentration can only be increased to a certain extent before the 
viscosity impedes jet formation, but the plate size can be increased to any reasonable 
size. It has been hypothesized that increasing the plate size can increase the maximum 
fibre length to almost any value when using the parallel plate method and it may be of 
future interest to determine the length of electrospun nanofibres which can be 
produced by this method under optimum conditions (Beachley et al., 2009).  
 
Figure 2.10. Forces acting on a single nanofibre electrospun across two parallel plates 
(Beachley et al., 2009). 
 
Although conventional electrospinning techniques work well for traditional polymers, 
challenges are encountered when it comes to polymers such as conjugated polymers 
or polymers with a low molecular weight with limited solubility. Conjugated 
polymers are known to be useful, owing to their unique combination of mechanical, 
optical and electronic properties (Heeger et al., 2001). Functional nanofibres and 
nanowires made from conjugated polymers are ideal for acquiring information on 
luminescent charge transport systems. Certain studies have indicated that strong 
stretching forces induce the orientation of polymer chains along the longitudinal axis 
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of the fibre (Jaeger et al., 1996). Such aligned fibres of conjugated polymers may 
exhibit useful and unique properties, such a high charge-carrier mobility or polarized 
photoluminescence (Hoofman et al., 1998). The process can be challenging, however, 
as the conjugated polymers should be soluble in a common solvent. Thus far, only a 
few polymers (eg. polyaniline and polythiophene) have been successfully prepared as 
nanofibres by electrospinning (Norris et al., 2000). 
 
2.5.2 Rotating Collector 
 
By rotating filter paper as the support medium of the nanofibres on the collector 
composed of conductive aluminum plates and glass insulator materials, a nanofibrous 
membrane consisting of three-dimensionally ordered nanopores can be produced 
(Karube et al., 2010). If a mandrel is used at a rotating speed of 4500 rpm, for 
collection, the fibres show significant alignment along the axis of rotation (Huang et 
al., 2001). The effect of the speed of the rotating mandrel on crystallinity, mechanical 
properties and alignment of electrospun PET, was investigated. The study showed that 
PET electrospun fibres were found to be more disordered with increasing rotation 
speed of the mandrel (Katta et al., 2004). 
 
2.6 Applications of Nanofibres 
 
An attractive characteristic of electrospinning process is the ability to spin fibres with 
diameters within the range of nanometres to micrometres, producing fibres with a 
large surface area-to-volume ratio and small pore sizes. Thus, nonwovens and other 
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forms of materials produced from these nanofibres have numerous application 
potentials. In the following sections, some important applications are reviewed.  
 
2.6.1  Biomedical Applications 
 
The use of electrospun nanofibrous material in biomedical applications has attracted 
considerable research attention over several years. Such materials, having flexible 
structural morphology, have been demonstrated as suitable substrates for tissue 
engineering, affinity membranes, wound dressing and controlled drug delivery. 
Nevertheless, to be in a specific application, the nanofibrous scaffold must have 
physical and biological properties which closely match those required.  
 
2.6.1.1 Tissue engineering 
An electrospun scaffold should physically resemble the nanofibrous features of the 
extracellular matrix (ECM), with the appropriate physicochemical and biological 
properties (Huang et al., 2003; Nerem et al., 1995). It should also promote cell 
adhesion, spreading and proliferation, with the aim to restore, substitute or augment 
the functions of a particular damaged tissue or organ. Chitosan/PEO nanofibrous 
scaffolds have been investigated and it was found that they promote the development 
and attachment to human osteoblasts and chondrocytes, while maintaining 
characteristic cell morphology and viability throughout the period of study (Bhattarai 
et al., 2005). Similarly, the attachment of smooth muscle cells to electrospun 
chitosan/collagen nanofibres after 30 days of culture has been reported. In terms of 
structural morphology, a nanofibrous nonwoven mat is very similar to the human 
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extracellular matrix, particularly in terms of pore volume and fibre diameter. Using 
electrospinning process, it is possible to synthesize complicated and 3-dimensional 
nanofibrous scaffolds that can enhance cell growth in tissue organs (Mo et al., 2007). 
 
2.6.1.2 Wound dressing 
The nanofibrous scaffold not only serve as a substrate for tissue regeneration, it can 
also deliver suitable bioactive agents, including drugs (e.g. antibiotic agent), in a 
controlled manner during healing (Chong et al., 2007; Choi et al., 2008; DeCherney et 
al., 1997). An ideal wound dressing requires high porosity and good barrier properties 
and electrospun nanofibrous nonwoven membranes utilised in wound dressings have 
pore sizes ranging from 500nm to 1µm, which are small enough to prevent exogenous 
bacterial invasion while still allowing fluid to exude from the wound (Ramakrishina et 
al., 2005; Huang et al., 2003; Fang et al., 2008). An open wound test has been carried 
out using electrospun collagen membrane and cotton gauze. It was found that the 
early-stage healing was better for the electrospun fibres than for the cotton gauze, 
while the later-stage of healing was similar for the two materials. (Rho et al., 2006). 
Further studies on dermal wound healing have been carried out using electrospun 
nanofibrous nonwovens as scaffolds to mimic extracecullar matrix and for culturing 
fibroblasts (Ignatova et al., 2007; Chong et al., 2007). 
 
2.6.1.3 Drug delivery 
As potential drug delivery carriers, nanofibrous membranes have many advantages. 
Generally, electrospun nanofibres containing a drug substance can be encapsulated 
into medical capsules to deliver the drug through the digestive system of a patient 
(Ramakrishina et al., 2005). The drug delivery systems using polymer nanofibres is 
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based on the principle that the dissolution rate of a particulate drug increases with 
increasing surface area of the drug and the corresponding carrier. Owing to their high 
specific surface area, nanofibrous drug systems have higher overall release rates than 
the bulk film. Nanofibrous poly (L-lactic acid), PLLA membrane was investigated for 
loading the anti-tuberculosis drug, Rifampin and the anti-cancer Paclitaxel substance 
(Zeng et al., 2003). Similar work on treatments for wound healing was conducted 
using a polyurathane (PU) nanofibrous membrane for delivery of Ketanserin (Verreck 
et al., 2003). Studies on drug delivery systems related to bio-absorbable nanofibrous 
membrane of poly (D-lactic acid) PDLA, poly (lactide-co-glycolide), PLGA and poly 
(lactic acid) PLA have also been conducted (Zong et al., 2002; Kim et al., 2004; 
Zussman et al., 2002). 
 
2.6.1.4 Affinity membrane 
Due to their large surface area, electrospun nanofibres can be expected to have higher 
separation efficiency than traditional filtration media. Affinity membranes have a 
great potential for separating the targeted bio-molecules via ligands attached to the 
surface of the nanofibrous membrane (Roper et al., 1995). Affinity membranes in the 
bioprocess recovery systems are utilized to remove cell debris, suspended solids and 
virus particles from homogenized suspensions of bacterial cells (Ramakrishina et al., 
2005). Nanofibrous material can also be functionalised by incorporating functional 
materials into the fibres so as to collect small molecules or metal ions from solutions. 
Studies on electrospun cellulose membranes, functionalized with Cibacron blue F3GA 
dye, revealed a strong affinity to bovine serum albumin and bilirubin, with a capture 
ability of 13mg and 14mg per gram of nanofibres, respectively (Ma et al., 2005
b
).  
Similarly, a nanofibrous membrane coated with the conducting polypyrrole polymer 
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was able to collect gold ions from the solution, while concurrently converting them 
into elemental gold particles (Fang et al., 2008; Stankus et al. 2004). 
 
2.6.2 Applications in Composite Materials 
 
The inclusion of electrospun nanofibrous mats in composite structures can provide the 
high modulus and strength to weight ratios, which generally cannot be achieved by 
other engineered material alone. Due to their large specific surface area and irregular 
pore structure, nanofibres have the potential to increase the interaction between the 
fibres and the polymer matrix and enhance mechanical interlocking among the 
nanofibres (Bergshoef et al., 1999; Fang et al., 2008). Nylon-4,6 nanofibrous 
membranes in an epoxy matrix showed a characteristic transparency due to fibre sizes 
that are smaller than the wavelength of light with the strength and stiffness higher 
than those of the reference matrix film (Bergshoef et al., 1999). Polybenzimidazole 
(PBI) nanofibres have also been used to modify the interlaminar fracture resistance of 
unidirectional laminated composites and electrospun PBI nanofibrous membranes 
have been used as fillers to reinforce epoxy and rubber. It was found that an epoxy 
containing 15wt% electrospun PBI nanofibres had a higher bending modulus and 
fracture toughness than the one containing 17% PBI nanofibres (Dzenis et al., 2001; 
Kim et al., 1999). 
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2.6.3 Filtration Applications 
 
Without a doubt electrospun, nanofibres have considerable potentials for example, it 
is estimated that the future filtration market could be as much as US$70billion by the 
year 2020 (Suthat et al., 2001). Electrospun nanofibrous membranes possess several 
attractive traits that make them suitable in filtration/separation technology. These 
properties include high porosity, pore sizes ranging from tens of nanometre to several 
micrometres, small diameter leading to thin web, interconnected open pore structure, 
high permeability for gases and a large surface area per unit volume (Opal et al., 
2006). Nevertheless, unlike conventional membranes, electrospun nanofibrous webs 
are fragile with poor mechanical properties which prevent their use in membrane 
applications requiring large handling. As a result, nanofibres require a substrate as 
additional support to provide strength, durability in use and complementary 
functionality to the nanofibre. Firma Carl Freudenberg Nonwovens, the oldest 
company to file a US patent relating to the production of electrospun filter media from 
a continuous web feed is one of the major manufacturers of electrospun fibre filters in 
the world (Schreuder-Gibson et al., 2002; Groitzsch et al., 1986). The filtration 
efficiency of nonwoven glass fibre-based air filters was studied and it was found that 
particles up to 300 mm can be captured and excluded with 99.97% filter efficiency 
(Maus et al., 1997). 
 
Electrostatically-charged polymers have been used to improve filtration efficiency by 
inducing electrostatic attraction of particles without causing an increase in pressure 
drop (Angadjivand et al., 2002; Tsaia et al., 2002). Dust filter bags, made from two 
layer composite nanofibrous membranes supported by micron–fibre, have been 
- 48 - 
 
designed to capture particles in the 500nm range (Emig et al., 2002). Electrospun 
polystyrene from recycled expanded polystyrene has also been produced for filtration 
applications (Shin et al., 2005).  
 
2.6.4 Protective Clothing Applications 
 
Ideal protective clothing require a lightweight and breathable fabric which is 
permeable to air and water vapour (but not to liquids), insoluble in all solvents and 
highly reactive to gases and other deadly chemical agents (Smith et al., 2001). In the 
military, such clothing characteristics help to maximize the survivability, 
sustainability and combat effectiveness of individual soldier system under extreme 
weather conditions, ballistics, and nuclear, biological, and chemical (NBC) warfare 
(Chamberlain et al., 1990). The large specific surface area, high pore density and 
small pore sizes make electrospun nanofibrous webs suitable candidates for protective 
clothing applications. They can be so engineered in such a way that they are capable 
of neutralising chemical agents without adversely affecting the air and water vapour 
permeability of the clothing, while providing good resistance to the penetration of 
harmful chemical agents in aerosol form (Gibson et al., 1998). Experimental and 
theoretical studies showed that electrospun fibrous mats are extremely efficient in 
trapping aerosol particles. When compared to traditional textiles, electrospun 
nanofibrous nonwovens provide minimal hindrance to moisture and vapour diffusion 
and extremely efficient trapping of aerosol particles (Schreuder-Gibson et al., 2002; 
Gibson et al., 1998). Fibres produced by electrospinning technique have excellent 
potential to be used as lining material for face mask canisters where they can help to 
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capture and adsorb toxic chemicals and act as barrier to biological warfare agents 
(Graham et al., 2004). 
 
2.6.5 Other Applications 
 
Electrospun nanofibrous membranes have been investigated for various applications, 
such as: chemical sensors, gas sensors, biosensors, optical sensors and sensors used in 
quartz crystal microbalances (QCM) (Wang et al., 2002; Lee et al., 2002). When 
coated with poly (acrylic acid)/poly (vinyl alcohol), PAA/PVA electrospun nanofibres 
increased the sensitivity of QCM sensors (Ding et al., 2004). Similar studies were 
conducted on MoO3, WO3, NO2 and TiO2 nanofibres (Gouma et al., 2003; Sawicka et 
al., 2005). These nanofibres exhibited an increase in sensitivity when compared to 
traditional sensors. In some instances, nanofibres are used in batteries, catalyst and 
enzyme carriers. This is because of their interconnected porous structure, large 
surface area and high permeability to reactants (Arora et al., 2004; Dillon et al., 1997; 
Demir et al., 2004; Jin et al., 2006; Huang et al., 2007; Wang et al., 2007). 
 
2.7 Electrospinning of Synthetic and Natural Polymers 
 
Nowadays, there are a wide variety of polymers that are electrospun to form 
nanofibres for biomedical, tissue engineering scaffolds, filtration and other 
applications. The published literature reveals that electrospun materials include 
synthetic polymers with a broad range of electrical properties from non-conducting 
polymers to conducting polymers, in addition to natural polymers, such as chitin, 
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chitosan, collagen and silkworm silk (Hirano et al., 2000; Buchko et al., 1999; Jacobs 
et al., 2011
c
). Synthetic polymers often offer many advantages over natural polymers 
as they can be tailored to give a wider range of properties, such as the required 
mechanical properties (visco-elasticity and strength) and desired degradation rate 
(Hakkarainen, 2002). Typical synthetic polymers used in biomedical applications 
include hydrophobic biodegradable polyesters, such as polyglycolide (PGA) and poly 
(έ-caprolactone) (PCL). All of these have been electrospun into nanofibrous scaffolds 
((Fang et al., 1997; Boland et al., 2001), polylactide (PLA) (Bognitzki et al., 2000; 
Jun et al., 2003; Zeng et al., 2003a; Jing et al., 2003; Yang et al., 2004; Hsu and 
Shivkumar, 2004; Ohkawa et al., 2004; Tan et al., 2005; Bhardwaj et al., 2010).  
 
2.7.1 Electrospun Poly (ethylene oxide) Nanofibres 
 
PEO is of great commercial interest. This is because it combines the thermoplastic 
behaviour and mechanical properties of a highly crystalline, high-molecular-weight 
polymer with complete water solubility. Its use in synthetic fibres, thickeners and 
stabilizers in different materials makes PEO a popular choice for electrospinning 
(Megelski et al., 2002). The electrospinning of PEO fibres from aqueous solution has 
been described (Doshi et al. 1995). PEO usually crystallizes in a monoclinic phase 
where the polymer chains adopt a 7/2 helix (Takahashi et al., 1973). Stretching of the 
polymer chain, results in a planar zigzag conformation with a triclinic crystal structure 
(Sne´tivy et al., 1992; Jaeger et al., 1996).  Scanning probe microscopy was used to 
investigate the morphological details and surface structure of PEO crystals and 
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poly(ethylene oxide)-polystyrene blends. Some studies on the nanometre scale 
focused on imaging chain folds on the surface of single crystals (Jaeger et al., 1996). 
 
As one of the most extensively studied polymers for electrospinning, poly(ethylene 
oxide) (PEO) has been widely used with or without the addition of another polymer 
(Fong et al., 1999; Jin et al. 2002; Deitzel et al., 2001). Solutions containing only 
natural proteins cannot be easily spun into fibres, but, when blended with PEO they 
can be electrospun into ultrafine fibres (Jin et al., 2002; Xie et al., 2003). Blended 
solutions of PEO and polyaniliane doped with camphorsulfonic acid have been 
electrospun to produce ultrafine conducting fibres (Norris et al., 2000). The 
electrospinning of a polymer in various solvents can provide very useful information 
and help to understand the effects of the relevant solution properties. PEO can be 
dissolved in chloroform, ethanol, dimethylformamide (DMF) and water. Most of the 
reported research on PEO electrospinning has been carried out with one of these 
solvents (Jin et al. 2002; Deitzel et al., 2001; Son et al. 2004
b
). 
 
Recent studies employing PEO have focused on using various PEO blends for diverse 
applications, such as biomaterials scaffolds (Duan et al., 2004), drug delivery (Zeng et 
al., 2003), tissue engineering, wound healing (Hirano et al., 2000) and conductive 
fibres (MacDiarmid et al., 2001). Many other synthetic polymers beside PEO have 
been reported in literature for electrospinning, as mentioned in Section 2.7.  
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2.7.2 Electrospinning of Natural Polymers 
 
Natural polymers are suitable materials for electrospun nanofibrous scaffolds. 
Because these polymers are derived from natural, as opposed to synthetic sources, 
they have many potential advantages over other commonly used scaffolds. Scaffolds 
electrospun from natural polymers are considered to possess desirable qualities in 
terms of biocompatibility and biodegradability. Moreover, because of their structural 
morphology, it has been suggested that nanofibres mimic the native extracellular 
matrix to a large extent, thus enabling for a higher degree of tissue regeneration and 
functionality (Zong et al., 2002). Apart from using synthetic polymers with special 
functionalities or specific addition to the spinning solution, chemical and biological 
functionality can also be achieved using natural polymers obtained from waste 
materials. For example, chitosan (a derivative of chitin) is known to provide effective 
antimicrobial properties, while keratin fibres are known for their propensity to bind 
air polluting substances e.g. formaldehyde, by nucleophilic addition, (Hirano, 1996; 
Wortmann et al., 2001).  
 
Electrospinning has been utilized to generate nonwoven mats for tissue engineering 
using different natural biopolymers, including proteins (gelatine, collagen and silk 
fibrinogen) and polysaccharides (chitosan, hyaluronic acid and cellulose). These 
materials have their own specific advantages and disadvantages for biomedical 
applications. On one side, unlike synthetic biomaterials, these natural polymers 
provide many of the instructive cues required for the attachment and proliferation of 
cells and on the other side; they have the problem of batch-to-batch variations in 
properties.  
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Initial research on the electrospinning of natural polymers focussed on biopolymers. 
This is due to their naturally occurring nature which normally exhibits better 
biocompatibility and low toxicity than other polymers. The electrospinning of natural 
biopolymers often requires complex solvent system, such as hexafluoroisopropyl 
alcohol for collagen or gelatin and formic acid for silk fibroin ((Matthews et al., 2002; 
Rho et al., 2006; Li et al., 2005; Min et al., 2004; Wang et al., 2005). Although 
chitosan has good physicochemical properties, electrospinning it, is far from easy 
(Section 2.7.3). The effect of a large number of parameters, including the nature of the 
solvent, molecular weight and spinning conditions, on electrospun nanofibre 
morphology, has been reported (Torres-Gener et al., 2008). Electrospinning of 
cellulose using N-methylmorpholine (NMO)/water or N, N-dimethyacetamide mixed 
solvent, has been reported (Kulpinski et al., 2005). Silk fibroin nanofibre mats 
produced by electrospinning, have been found useful in the regeneration of damaged 
tissues (Chung et al., 2006). 
 
2.7.3 Electrospun Chitosan Nanofibres 
 
Chitosan is one of the naturally derived polymers which is most commonly used in 
tissue engineering. It has been proven to be biologically renewable, biodegradable, 
non-antigenic, and biocompatible and suitable for wound dressings, wound healing, 
drug delivery systems and various tissue engineering applications ((Kumar, 2000; 
Hirano 1998; Aiedeh, 1997; Berger, 2004; Yagi et al., 1997; Zhang et al., 2002; 
Jacobs et al., 2011
a
).  
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The ability to produce chitosan-based nanofibres with controllable dimension and 
directional alignment to form nonwoven mats or 3-D porous structures, provide a 
virtually unlimited source for the development and production of natural polymer-
based extra-cellular matrices (ECM). Attempts to prepare chitosan-based nanofibrous 
structures by electrospinning, have met with varying degrees of success. The 
production of chitosan/poly(vinyl alcohol) nanofibres, from 220nm to 650nm in 
diameter and chitosan nanofibres with a mean diameter of 330 nm, have been reported 
(Ohkawa et al., 2004). PEO has also been introduced in chitosan to produce ultrathin 
hybrid nanofibres, from which it emerged that the spinnability of chitosan solutions 
depended strongly on the mass ratio of chitosan to PEO. Nanofibrous structures, with 
fibre diameters ranging from 80 to 180nm, were produced from solution with a PEO-
to-chitosan mass ratio of 1:1 (Duan et al., 2004). Rheological studies showed a strong 
dependence of spinnability and fibre morphology on solution viscosity and thus on the 
chitosan-to-PEO ratio.  
 
The use of chitosan scaffolds for bone tissue engineering has been widely investigated 
and it has been shown to enhance bone formation, via in vitro and in vivo (Zhang et 
al. 2000; Klokkevold et al., 1996; Klokkevold et al., 1996; Malette, 1986).  
Chitosan is a safe and biocompatible substance for the human organism; therefore, 
medical and pharmaceutical applications can be developed with joint efforts from 
specialists in various fields. The key considerations that justify this are that chitosan is 
biocompatible and does not elicit adverse reactions when in contact with human cells. 
Chitosan can be degraded by enzymes in the human body and oligomers can activate 
macrophages and stimulate synthesis of hyaluronan. However, these activities of 
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chitosan are limited to acidic conditions because of the poor solubility of chitosan 
above a pH of 6.5, at which point it starts to lose its cationic nature. 
 
Chitosan has free amino groups which make it a positively-charged polyelectrolyte in 
acidic solutions and which contribute to its higher solubility in comparison to chitin. 
However, this property makes chitosan solutions highly viscous and complicates its 
electrospinning (Muzzarelli, 1973, 1977). Furthermore, the formation of strong 
hydrogen bonds in a 3-D network in chitosan solution prevents the movement of 
polymeric chains exposed to the electrical field (Geng et al., 2005; Neamnark et al., 
2006; Whistler, 1993).  
 
When using poly(vinyl alcohol) as a by-component, the repulsive interactions 
between the polycations prevented the degree of chain entanglement necessary for 
fibre formation (Li et al., 2006). The solvent 1,1,1,3,3,3-hexafluoro-2-propanol 
(HFIP) has been used to produce pure chitosan nanofibres through deacetylation (Min 
et al., 2004).  
 
2.8 Functionalisation of Electrospun Nanofibres  
 
Functional nanofibres or nanofibres with multi-compositions can be prepared by 
electrospinning of polymers blended with additives, such as: nanoparticles, carbon 
nanotubes, catalysis and enzymes, ceramics etc. Functionalisation processes may be 
considered for the surface modification of polymer nanofibres, provided that the 
nanofibres are protected from being damaged. Functional nanofibres produced by 
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surface modification, provide a potential for various applications, ranging from 
biotechnology to advanced microelectronics. Nanofibres with a core-shell structure, 
prepared through coaxial electrospinning or fibre surface graft, can extend the 
applications and functionalities of nanofibres. Based on the advantages presented 
above, electrospinning provides many possibilities for utilizing various 
nanostructured materials for improved the functionality (Wang et al., 2009).  
 
2.8.1 Functionalisation of Electrospun Nanofibres for Tissue 
 Engineering Scaffold Applications 
 
For a variety of applications, it is desirable to produce nanofibres with well-defined 
surface properties. The surfaces of nanofibres are often not ideal for a particular 
application. Fibres with specific surface properties are of interest in many technical 
applications, for example, the nature of the surface can affect wettability, adsorption, 
and adhesion (Tate et al., 1996). Many techniques have been developed to modify the 
surface properties of polymers or fibres (Wu, 2004; Vander Wielen, 2004; 
Lugscheider, 2004). Of these techniques, sputter coating is considered to be one of the 
most promising techniques for producing functional nanofibres. The ability to deposit 
well-controlled coatings on nanofibres would expand their applications due to the 
changes in the nanofibre physical and chemical properties. One such example is the 
use of silver which exhibits good optical, electrical and biocompatibility properties 
and which has been used in recent years in a variety of applications, ranging from 
optical material to wound dressings (Mohebbi et al., 2002; Davenas et al., 2002). In 
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one study, electrospun polyamide nanofibres were modified by a direct current (DC) 
sputter coating with silver for applications protective clothing (Wei et al., 2006). 
 
Mimicking the extra-cellular matrix (ECM) by the electrospinning of various 
materials is now quite possible. The efficiency of using the process for any useful 
tissue engineering application will be further enhanced by incorporating bioactive 
groups into the artificial ECM structures. Incorporation of bioactive agents into 
electrospun fibres could lead to a biofunctional tissue engineering scaffold. The 
biofunctionalisation of such electrospun fibres will determine the efficiency of these 
fibres for regenerating biologically functional tissues. Bioactive agents could be 
incorporated, either via encapsulation or by having them covalently conjugated to the 
matrix polymer. A hybrid electrospun scaffold, composed of a biodegradable poly 
(ester urethane) urea (PEUU) and porcine ECM scaffold (urinary bladder matrix, 
UBM), has been produced and characterized in terms of its bioactivity and physical 
properties. Increasing amounts of PEUU led to a linear increase in the tensile strength 
and breaking strain, while UBM incorporation led to increased smooth muscle cell 
adhesion and proliferation and mass loss (Agarwal et al., 2008).  
 
2.8.2 Functionalisation of Electrospun Nanofibres for Other 
 Applications 
 
One of the attractive features of an electrospun polymer nanofibre nonwoven mesh is 
its suitability for affinity membrane applications. For the nanofibre mesh to be used in 
affinity membranes, specific ligand molecules need to be immobilized on the 
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nanofibre surface. By directly mixing the ligand molecules into the polymer solution, 
ligands can be introduced on the nanofibre surface. Chemically modified -
cyclodextrines (CDs) have been incorporated onto the surface of the nanofibre in 
order to target the potential applications in organic waste treatment and in the 
purification of water (Kaur et al., 2005; Ramakrishna et al., 2005). 
 
2.9 Characterization of Nanofibres 
 
The fundamental properties of electrospun nanofibrous membranes are morphology, 
molecular structure and mechanical properties. The structural morphology of a single 
fibre, such as average diameter, surface pores and the structural morphology of the 
nanofibrous membrane, such as porosity; are the basic properties of the nanofibres as 
deposited on the collector. The molecular structure of a nanofibre has an influence on 
the optical, thermal and mechanical behavior of the nanofibrous membranes. If these 
nanofibrous membranes are chemically treated after the spinning process, the 
modified chemical structure now determines the properties of the membranes. 
Characterization of the mechanical properties of the nanofibrous membrane is also 
important because the mechanical and structural stability of the membrane are 
necessary for the above-mentioned applications.   
 
2.9.1 Nanofibre Diameters and Pore sizes  
 
Properties of nanofibres, such as diameter, diameter distribution, fibre orientation and 
morphology (e.g. cross-section shape and surface roughness), can be characterized 
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using scanning electron microscopy (SEM), field emission scanning electron 
microscopy (FESEM), transmission electron microscopy (TEM) and atomic force 
microscopy (AFM) (Demir et al., 2002; Li et al., 2002). The use of TEM does not 
require the sample to be in a dry state, as is the case for the SEM. Hence, nanofibres 
electrospun from a polymer solution can be directly observed using TEM. The 
accurate measurement of nanofibre diameter with an AFM requires a rather precise 
procedure, since the fibres can appear to be larger than their actual diameters because 
of the AFM tip geometry (Jaeger et al., 1996; Jacobs et al., 2011
a
). For a precise 
measurement, two fibres crossing each other on the surface are generally chosen. The 
upper horizontal tangent of the lower fibre is taken as a reference and the vertical 
distance above this reference is considered to be the exact diameter of the upper 
nanofibre (Srinivasan et al., 1995; Huang et al., 2003).  
 
The porosity and pore size of nanofibre membranes are important in applications such 
as: filtration, tissue template and protective clothing. The pore size can be measured 
by using a capillary flow porometer (Li et al., 2002). Solid surfaces have been 
characterized by the molecular adsorption theory, especially in the fields of catalysis 
and adsorbents (Kaneko et al., 1994), the most commonly used molecule being N2 
(Gregg et al., 1982). 
 
2.9.2 Nanofibre Crystallinity 
 
The crystalline structure of electrospun polymer nanofibres has been investigated by 
many researchers using wide-angle X-ray diffraction (WAXD) and small angle X-ray 
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scattering (SAXS). The super-molecular structure describes the configuration of the 
macromolecules in a nanofibre and it can be characterized by optical birefringence 
WAXD, SAXS and differential scanning calorimetry (DSC) (Buchko et al., 1999; 
Chen et al., 2001; Liu et al., 1999; Zussman et al., 2002). The birefringence of the 
styrene–butadiene–styrene (SBS) tri-block copolymer nanofibres with diameters 
~100nm, using an optical microscope, was investigated. The occurrence of 
birefringence reflected the molecular orientation in the fibres (Fong et al., 1999). 
Electrospun PLLA which was quenched below 0
o
C resulted in an amorphous fibre 
structure (Zong et al. 2002; Zussman et. al., 2002). After drying the electrospun 
nanofibres at room temperature and using DSC, they observed melting transitions at 
two peaks. It was explained that during electrospinning of this polymer, the molecules 
did not attain sufficient time to crystallize and hence could only have an amorphous 
super molecular structure. It should be noted that polymer crystallization occurs 
during electrospinning when the polymer is in a molten form. Since the super 
molecular structure changed; during electrospinning, the transition points of the 
polymers also changed, one being lower than the normal melting point due to defects 
which occurred during crystallization while drying (Huang et al., 2003). 
 
2.9.2.1 Differential Scanning Calorimetry 
Differential Scanning Calorimetry (DSC) measures the temperatures and heat flow 
associated with transitions in materials, as a function of time and temperature. The 
technique provides qualitative and quantitative information about physical and 
chemical changes that involve endothermic or exothermic processes or changes in 
heat capacity, using a minimum amount of sample. A comparison was made between 
the crystallinity of polycaprolactone (PCL) nanofibres and PCL films, using the DSC 
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technique (Lee et al., 2003). DSC studies showed lower melt enthalpies for finer 
cellulose acetate nanofibres in the first heating cycle confirming the results obtained 
by SEM analysis. High degrees of molecular orientations during electrospinning have 
been observed for PLLA electrospun nanofibres using DSC technique (Zong et al., 
2002). 
 
2.9.2.2 X-ray Diffraction  
X-ray diffraction (XRD) involves a beam of X-rays being aimed at the sample and 
observing the resulting diffraction patterns. It is a particularly useful nondestructive 
technique that yields information on partial crystallinity, the chain orientation and 
phase composition of the materials. In nanofibre-related characterization, XRD 
methods are useful in studying the crystalline nature of the fibres, change in 
crystalline morphology during annealing and chain orientation in as-spun or oriented 
fibres. Nanofibres of poly (D, L lactide) (PDLA) electrospun from DMF and PLLA 
electrospun from CH2Cl2/DMF (1:5) were studied and characterized using XRD 
(Zong et al., 2002). For solutions of PLLA in dichloromethane, increasing the solution 
conductivity yielded fibres with higher levels of molecular orientation as measured by 
thermal and XRD techniques (Inai et al., 2005).  
 
2.9.3 Mechanical Properties of Nanofibres 
 
For nanofibres to be suitable in applications such as: filtration, tissue scaffold, 
protective clothing and gas sensors, the mechanical properties of the nanofibrous 
membrane and those of a single nanofibre have to be adequate for the required 
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durability. During the mechanical testing of nanofibrous material, conventional tensile 
testing methods are applied. It is, however, a challenge to prepare a single nanofibre 
for mechanical testing and loading preparatory to the; therefore this aspect remains an 
unresolved scientific problem. 
 
2.10 Modelling of the Electrospinning Process 
 
Various methods of modelling and simulation have been developed by researchers 
depending on the intended application of nanofibres. Although knowledge of the 
influence of electrospinning parameters can be obtained experimentally, theoretical 
models offer an in-depth scientific understanding which can be useful in shedding 
light on contributing factors which cannot be comprehensively measured 
experimentally.  Modelling also illustrates how changes in processing parameters and 
fluid behavior can lead to nanofibres of desired properties. In order to control the 
properties, geometry and mass production of nanofibres, it is necessary to understand 
quantitatively how the electrospinning process transforms the fluid solution, through a 
capillary tube of a diameter in millimetres, into solid fibres which are four to five 
times smaller in diameter. When the applied electrostatic forces overcome the surface 
tension of the fluid, the electrified fluid forms a jet from the capillary tip towards a 
grounded collecting screen. The process consists of three stages: (i) jet initiation and 
the extension of the jet along a straight line, (ii) the growth of whipping instability and 
further elongation of the jet, which may (or may not) be accompanied with the jet 
branching and/or splitting and (iii) solidification of the jet into nanofibres (Fong et al., 
2001).  
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The motion of a weakly conductive viscous jet, accelerated by an external electric 
field, is dependent on the inertial, hydrostatic, viscous, electrical and surface tension 
forces (Spivak et al., 1998). By assuming that there is no branching or splitting from 
the primary jet, a quasi-one-dimensional equation can be used to describe the mass 
decrease and volume variation of the fluid jet, due to evaporation and solidification 
(Yarin et al., 2001). The electrically driven bending instabilities of an electrospun jet 
represent particular examples of the general Earnshaw theorem in electrostatics. To 
better understand the Earnshaw instability theorem in the context of electrospinning, 
three point-like charges in a straight line, were considered (Reneker et al., 2000; Jean 
et al., 1958). In spite of the high complexity of the electrospinning process, the 
statistical model was able to describe the process with a 95% confidence level, 
enabling reduction in fibre diameter. The precise predicted nanofibre formation was 
simulated using the experimental results and validation tests, performed to minimize 
the fibre diameter. Various researchers modeled the electrospinning process based on 
the assumption that the instabilities occurred on a length scale much greater than the 
jet radius, thus the jet was represented as a long slender object (Picciani et al., 2009). 
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CHAPTER 3 
 
MATERIALS AND EXPERIMENTAL 
 
3.1  Experimental setup for Electrospinning Process 
 
Electrospinning is a process which requires the basic understanding of the various 
disciplines including polymer chemistry, electric field theory and fluid mechanics. 
Understanding these interacting disciplines helps when studying the chaotic behaviour 
of the polymeric jet which impacts on the properties of the resultant nanofibres. 
Various attempts to characterize and model the electrospinning process have been 
published.  The effects of process parameters and polymer characteristics have been 
investigated and shown to have an influence on the formation of electrospun 
nanofibres (Shin et al., 2001).  
 
The electrospinning process uses a high voltage to create an electric field between a 
droplet of polymer solution at the tip of the Pasteur pipette and a metallic collector 
screen. A photographic image and a schematic diagram of the electrospinning 
apparatus used in this study are shown in Figures 3.1 and 3.2, respectively. The three 
major components of the electrospinning apparatus are: the spinneret (Pasteur pipette) 
to hold the polymer solution, a detachable metal collector to receive the electrospun 
nanofibres and a high voltage power supply to induce the electric fields into the 
polymer solution. The collector screen is attached to an adjustable stand to regulate 
the height so that it corresponds with the alignment of the pipette. The high voltage 
power supply used, has the potential to generate a maximum voltage of 30 kV and an 
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electric current of 400µA at 20kV, making it possible to operate the setup on either 
positive or negative polarity. Positive polarity was introduced by placing the positive 
electrode of the voltage source into the polymer solution and connecting the other 
electrode to the metallic collector, in order to induce electrostatic forces. As the 
voltage is increased, the electric field intensity increases, causing an increase in the 
associated forces acting on the drop of polymer solution at the tip of the Pasteur 
pipette and which are in the opposite direction to the surface tension of the polymer 
drop. 
 
 
Figure 3.1. Photograph of electrospinning setup. 
 
The increasing electrostatic force causes the polymer solution drop to elongate into a 
conical shape, commonly known as the Taylor cone. When the electrostatic force 
overcomes the surface tension of the drop, a charged, continuous jet of solution is 
ejected from the cone which is accelerated towards the collector, with uncontrollable 
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whipping and bending motions. As the solution moves away from the spinneret to the 
collector, the jet is rapidly attenuated and dried as the solvent evaporates. On the 
surface of the grounded collector, a nonwoven mat of randomly oriented solid 
nanofibres is deposited. In this setup, the flow-rate of the polymer solution is 
determined by the angle at which the pipette is positioned. For each experimental set, 
this angle is kept constant throughout the duration of the electrospinning process.  
 
 
Figure 3.2. Schematic diagram of electrospinning setup. 
 
It is important to study the influence of the various electrospinning parameters on the 
quality of the resulting nanofibres, since many of the process parameters influence the 
structural morphology and diameter of the nanofibres. The nanofibre structure varies 
from beaded, spindle-like and ribbon-like to smooth cylindrical, depending on the 
electrospinning process parameters. Different types of collector screen can be 
- 67 - 
 
employed to develop different nanofibre properties (Figure 3.3). In the present study, 
an aluminium foil collector was used for determining the structural morphology of the 
nanofibres.  
 
 
 
Figure 3.3. Different types of collectors used for electrospun nanofibres. 
 
In some other cases, for ease of removal, the nanofibres were collected on nonwoven 
materials when studying their thermo-mechanical properties. To prevent any possible 
contamination when determining antimicrobial properties, filter papers were utilised 
to collect the nanofibres. On these collectors, the nanofibres appear as a whitish 
nonwoven web. It is, however, quite impossible to accurately examine these 
nanofibres with a naked eye and a Scanning Electron Microscope (SEM) is one of the 
tools used to determine their structural morphology and diameter of the resulting 
electrospun nanofibres. The Atomic Force Microscope (AFM) is also used to 
characterize the surface properties of these ultrafine nanofibres. 
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3.2 Evaluation of Electrospinning Parameters for PEO 
 Nanofibres 
 
The poly(ethylene oxide) (PEO) solution was prepared in deionised water for all the 
experiments and the effects of governing parameters and addition of polyelectrolyte 
were studied and discussed in the following sections. 
 
3.2.1 Materials 
 
Poly(ethylene oxide) (PEO) with different molecular weights, Mw = 3 x 10
5
 g/mol and 
Mw = 9 x 10
5
 g/mol), poly (acrylic acid, sodium salt), 35 wt% solution in water 
(PAA), Mw = 15 x 10
3
 g/mol, and poly(allylamine hydrochloride) (PAH), Mw = 15 x 
10
3 
g/mol) were purchased from Sigma-Aldrich GmbH (Germany). All chemicals and 
solvents were used without further purification and all electrospinning experiments 
were carried out at room temperature. 
 
3.2.2 Electrospinning of PEO Nanofibres 
 
In order to prepare PEO-based nanofibres, various concentrations of PEO solution 
within the range of 3–7 % (w/v) were prepared in deionised water, with and without 
PAA or PAH. The weight of the PAA or PAH in the solution was calculated 
according to the weight of PEO and expressed as percentage. The electrospinning 
setup consisted of a Pasteur pipette with a tip of 1mm in diameter and an electrically 
grounded detachable flat metal screen which could be adjusted to the desired height 
and direction. The metal collector screen was covered with an aluminium foil for ease 
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of fibre characterization when using an Environmental Scanning Electron Microscope 
(ESEM). For characterizing the nanofibres by Atomic Force Microscopy (AFM) and 
other techniques, a glass slide was mounted on the collector. A high voltage power 
supply was used to produce voltages within the range of 0-30kV. The power supply 
was connected to the solution through a positive electrode in order to induce a charge 
in the polymer solution. The PEO polymer solutions were introduced into the electric 
fields through the Pasteur pipette. The copper wire originating from the positive 
electrode (anode) was inserted into the polymer solution and the negative electrode 
(cathode) was attached to the metallic collector. The polymer solutions were 
electrospun under various conditions. Table 3.1 shows the composition of the PEO-
based solutions 
 
Table 3.1: Composition of PEO based solutions 
 
Sample 
Concentration % (w/v) 
PEO PAA* PAH* Ethanol* 
1 3** 0 0 0 
10 
20 
30 
2 4 0 0 0 
3 5*** 2 0 0 
0 2 
4 6*** 2 0 0 
0 2 
5 7 0 0 0 
* denotes concentration based on PEO weight 
** denotes PEO solution prepared with and without ethanol 
*** denotes PEO solutions prepared with and without PAA and PAH  
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The process for the experimental work was as follows:  
The PEO solutions were prepared in deionised water at room temperature, while 
gently stirring to speed-up dissolution. For electrospinning, 2.0 - 2.5ml of each 
polymer solution was transferred into the Pasteur pipette. The Pasteur pipette was 
then clamped to a non-conducting retort stand of about 65cm in height, which was 
placed 10 – 20cm above the collector screen (Figure 3.1).  
 
When the voltage reached a critical value, the electrical charge overcame the surface 
tension of the suspended drop of the polymer solution and a jet was produced. The 
resulting plastic hyper-stretching jet led to a significant reduction in fibre diameter 
and the formation of nanofibres. The nanofibres were deposited on the collector 
screens of different shapes to demonstrate the possibility of creating different 
nanofibre structural morphologies. The collector shapes utilised were parallel, 
segmented, circular and flat. Different nanofibre morphologies were formed by 
manipulating the electrostatic fields and employing different collector shapes. 
 
3.2.3 Optimisation of Fibre Structural Morphology and Diameter 
 
PEO (molecular weight Mw, 9 x 10
5
 g/mol) and PAH (Mw, 15 x 10
3
 g/ mol) used in 
the experimental work were aimed at optimising the nanofibres and the 
electrospinning setup described in the preceding sections  was used for this purpose 
(Jacobs et al., 2010
b
; Patanaik et al., 2008). Based on previous work carried out in our 
laboratory, the most suitable process and solution parameters were selected. The 
process parameters varied were the tip-to-collector distance and the applied voltage 
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and also, the concentration of poly allylamine hydrochloride (PAH, a type of 
polyelectrolyte). These parameters (tip-to-collector distance, applied voltage and PAH 
concentration) were varied at three levels viz: from -1, 0, and +1, as per the Box and 
Behnken factorial experimental design shown in Tables 3.2 and 3.3. Table 3.2 shows 
the coded levels of the experimental parameters (variables), while the experimental 
design for the three factors at three levels is given in Table 3.3.  
 
Table 3.2: Levels of variables for experimental design 
Variables (or parameters) Coded  levels 
 -1 0 +1 
Tip-to-collector distance, x1 (cm) 14 15.5 17 
Applied voltage, x2 (kV) 9 11 13 
PAH concentration, x3 (% wt/wt) 2 2.5 3 
 
 
In all, fifteen electrospun nanofibre samples were produced, with average diameters 
ranging from 134 to 190 nm. Systat 10 software (SPSS INC) was used for the process 
optimization and response surface methodology.  
 
The structural morphology and diameter of the nanofibres were determined by means 
of an ESEM FEI Quanta 200 at a magnification of 5000X. 150 readings were taken in 
each case, with the average fibre diameter obtained using Image J Software 
(Abramoff et al., 2004).   
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Table 3.3: Coded levels and actual values of experimental parameters  
Experimental 
combination 
number 
 
Coded level of variables 
 
x1           x2             x3 
Actual values 
 
x1           x2          x3 
1 -1 -1 0 14 9 2.5 
2 +1 -1 0 17 9 2.5 
3 -1 +1 0 14 13 2.5 
4 +1 +1 0 17 13 2.5 
5 -1 0 -1 14 11 2 
6 +1 0 -1 17 11 2 
7 -1 0 +1 14 11 3 
8 +1 0 +1 17 11 3 
9 0 -1 -1 15.5 9 2 
10 0 +1 -1 15.5 13 2 
11 0 -1 +1 15.5 9 3 
12 0 +1 +1 15.5 13 3 
13 0 0 0 15.5 11 2.5 
14 0 0 0 15.5 11 2.5 
15 0 0 0 15.5 11 2.5 
 
 
3.3 Electrospinning of Chitosan-based Nanofibres 
 
3.3.1 Materials 
 
Chitosan from crab shells (minimum deacetylated degree of 85%) in the form of 
powder was obtained from Sigma-Aldrich GmbH (Germany). Silver nanopowder, 
with particle size less than 100nm, as well as trifuoroacetic acid (TFA) and 
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dichloromethane (DCM), used as solvents, and were all obtained from Sigma- Aldrich 
GmbH (Germany). Sodium chloride (AR grade), peptone, yeast extract, nutrient agar, 
Sabouraud dextrose agar, Mueller-Hinton agar, Mueller-Hinton broth, glucose and 
beef extract were obtained from Merck. S. aureus, E. coli and C. Albicans were used 
to determine antimicrobial activity. All laboratory reagents were used as received. 
 
3.3.2 Optimization of the Process for Chitosan Nanofibres  
 
During the electrospinning of chitosan nanofibres, the following parameters were 
varied at three levels, viz: from -1, 0 and +1 and as per the factorial experimental 
design: electric field strength; 0.65, 0.70 and 0.75 kV/ cm, concentration of chitosan; 
5, 5.5, 6 % (w/v), ratio of solvents - TFA/DCM; 70/30, 75/25, 80/20 % (v/v). Table 
3.4 shows the coded levels of the parameters, while the experimental design and 
average diameter of nanofibres for the three factors at three levels are given in Table 
3.5.  
 
Table 3.4: Levels of variables for experimental design  
Variables (or parameters) Coded  levels 
 -1 0 +1 
Electric field strength, x1, 
(kV/cm) 
0.65 0.70 0.75 
Concentration of chitosan, x2, 
(% w/v) 
5 5.5 6 
Ratio of solvents - TFA/DCM x3, 
(% v/v) 
70/30 75/25 80/20 
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Table 3.5: Coded levels and actual values of experimental parameters and 
average fibre diameter 
Experimental 
combination 
number 
Coded level of variables Actual values 
x1 x2 x3 x1 x2 x3 
1 -1 -1 0 0.65 5 75/25 
2 +1 -1 0 0.75 5 75/25 
3 -1 +1 0 0.65 6 75/25 
4 +1 +1 0 0.75 6 75/25 
5 -1 0 -1 0.65 5.5 70/30 
6 +1 0 -1 0.75 5.5 70/30 
7 -1 0 +1 0.65 5.5 80/20 
8 +1 0 +1 0.75 5.5 80/20 
9 0 -1 -1 0.70 5 70/30 
10 0 +1 -1 0.70 6 70/30 
11 0 -1 +1 0.70 5 80/20 
12 0 +1 +1 0.70 6 80/20 
13 0 0 0 0.70 5.5 75/25 
14 0 0 0 0.70 5.5 75/25 
15 0 0 0 0.70 5.5 75/25 
 
 
3.3.3 Electrospinning of Chitosan and Chitosan-silver Nanofibres  
 
The polymer material used in this study was a commercial chitosan from crab shells. 
Various quantities of polymer materials were dissolved in a solvent system consisting 
of trifluoroacetic acid (TFA) and dichloromethane (DCM), TFA/DCM, expressed in 
% v/v to form a spinning solution. 5 % wt/v of chitosan and various concentrations of 
silver nanoparticles were dissolved in a mixure of TFA/DCM % v/v. The percentage 
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by weight of silver nanoparticles in the solution was calculated based on the weight of 
the chitosan. The chitosan and chitosan-silver solutions were mixed by stirring in 
order to prepare a final mixture containing silver nanoparticles of: 2, 5, 7.5 and 10% 
wt/wt, based on the polymer weight. They were then electrospun under different 
processing conditions. A high voltage power supply, capable of generating voltages 
up to 30kV was used to produce the electric field required for spinning the nanofibres 
(Jacobs et al., 2010
b
).  
 
3.4 Characterization of Nanofibres 
 
3.4.1 Diameter of PEO Nanofibres 
 
The characterization in this section, refers to Section 3.2.1. Similarly, the structural 
morphology of electrospun PEO nanofibres refers to Section 3.2.2. The effects of 
electrospinning processing parameters on fibre diameter, including concentration, 
molecular weight, addition of polyelectrolyte in PEO solution, solvent effect, and a 
governing parameter, such as the applied voltage, were studied. In addition, various 
concentrations of polyelectrolytes, such as PAA and PAH, were evaluated in terms of 
the effect of diameter of PEO nanofibres. The average, minimum and maximum PEO 
nanofibre diameters and the bead lengths were measured on a scanning electron 
microscope (ESEM FEI Quanta 200) at 20000X. From this series of experiments, the 
optimization of the electrospinning process parameters was obtained and the average 
fibre diameters determined. 
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3.4.2 Structural Morphology of PEO Nanofibres 
 
The structural morphology and diameter of the PEO nanofibres were determined on a 
SEM Cambridge/Leica Stereoscan 440 with a Tungsten Filament, after coating the 
samples with gold. Transmittance spectra were obtained on a Perkin Elmer FTIR 
Spectrometer. Surface topology of the PEO nanofibres was measured on an Atomic 
Force Microscope (A F M Veeco dimension V). The conductivity of the polymer 
solutions was determined by means of a HACH Conductivity meter, while their 
viscosities were determined by means of a DV-II+ Brookfield viscometer and their 
surface tensions were obtained by means of a K11 Kruss Tensiometer and a DCA 322 
Thermocahn tensiometer using the Wilhelmy plate method. Attempts were made to 
measure the crystalline structure of the nanofibres using a CuKα radiation X-Ray 
Difractometerwith a wavelength of 1.504Å.  
 
3.4.3  Diameter of Chitosan and Chitosan-silver Nanofibres 
 
The characterization in this section refers to Section 3.3.1. The images of the 
electrospun nanofibres were obtained using ESEM FEI Quanta 200 at a magnification 
of 20000X, The nanofibre diameters were measured manually, utilising the Image J 
Software (Abramoff et al., 2004). The program was calibrated by setting a scale 
according to the measure of a scale bar of the ESEM image and using the nanometre 
units for measurements. The average diameter of each fibre was based on 100 
individual measurements. The effects of the various electrospinning parameters, 
namely: electric field strength, concentration of chitosan, ratio of solvents-TFA/DCM, 
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surface tension and conductivity, on the diameter of chitosan-based nanofibres were 
evaluated.  
 
3.4.4 Structural Morphology of Chitosan and Chitosan-silver 
 Nanofibres  
 
The structural morphology of the electrospun chitosan and chitosan-silver nanofibres 
refers to Section 3.3.2. The conductivity, surface tension and surface morphology of 
the chitosan and chitosan-silver polymer solutions were determined, essentially as 
described in Section 3.4.2.  
 
3.5 Bioactivity Studies on Chitosan-based Nanofibres 
 
3.5.1 Preparation of Bacterial Cultures 
 
For the liquid media experiments, Staphylococcus aureus and Escherichia coli 
bacteria were grown on a Yeast-dextrose agar (10g/l peptone, 8g/l beef extract, 5g/l 
sodium chloride, 5g/l glucose, 3g/l yeast extract, distilled water pH 6.8) and on 
Nutrient Agar (10g/l peptone, 3g/l yeast extract, 5g/l sodium chloride, distilled water, 
pH 7.1) respectively. Plates were incubated at 37 °C for 24 hours. The experiments on 
growth rate were performed in order to determine the growth times needed to obtain a 
mid-log phase culture with a bacterial concentration of 10
6
 cells/ml. The optical 
density (540 nm) was measured every hour to determine the cell numbers. It was 
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assumed that an optical density of 1.0 at 540nm was equivalent to 10
8
 cells/ml (Yao et 
al., 2008; Torres-Giner et al., 2008). The bacterial cell suspension was diluted to 
obtain 10
6
 cells/ml. The Colony-forming Unit, CFU/ml, was calculated from the 
dilution plate counts and was correlated with the optical densities. All experiments 
were carried out in triplicate. 
 
3.5.2 Antimicrobial Screening of Nanofibres: Agar Diffusion 
 Method  
 
Preliminary screening of nanofibres was performed by agar disk diffusion on Mueller-
Hinton agar plates.  The culture (100µl) (S. aureus, E. coli and C. albicans) was 
spread on the plates at a concentration of 10
6
 cells /ml and the plates were left for 20 
min to allow the bacteria and fungi to adhere to the agar surface. Nanofibre mats were 
cut into 1cm diameter circles weighing between 0.6 to 3.3 mg. The nanofibre circles 
were UV treated for 10 min in order to remove any contaminants and then transferred 
aseptically onto the Mueller-Hinton agar plates spread with the different bacterial and 
fungal cultures. The plates were incubated at 37°C for 24 hours and observed after 
incubation for zones of inhibition (clearing) (Han et al., 2009; Rujitanaroj et al., 
2008). Negative control was a Mueller-Hinton plate with 100µl culture at a bacterial 
concentration of 10
6
 cells/ml. Commercially available antibiotic disks, such as 
vancomycin (30 µg) (S. aureus, gentamycin (10µg) (E. coli), and nystatin (100 units) 
(C. albicans) (Davies Diagnostics) were used as positive controls for antimicrobial 
activity.  
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3.5.3 MIC Determination of Chitosan Nanofibres 
 
The p-iodonitrotetrazolium (INT) assay test (Eloff, 1998; Weideman, 2005) was 
performed to establish the minimum inhibitory concentration (MIC) of nanofibres 
showing inhibition of S. aureus or E. coli with agar disk diffusion. This test was 
performed in triplicate on 96-well microtiter plates, with INT (p-iodonitrotetrazolium) 
used as growth indicator. The chitosan concentration (1cm x 1cm block of fibre) that 
showed bacterial inhibition in the agar disk diffusion assay was placed in a 1ml of 
sterile Mueller-Hinton broth in an eppendorf tube and left for 1 hour to diffuse into 
broth. In a 96-well microtiter plate, 50 µl of the Mueller-Hinton broth was added from 
well numbered 1 to 10 in row B. To the first and second wells, 50 µl of the nanofibre 
solution (at concentrations that showed inhibitions on the agar disk diffusion plates 
ranging from 1.1 mg to 15 mg) was added. The contents of each well were mixed and 
then two-fold serial dilutions were made from wells numbered 2 to 9. 50 µl of culture, 
at a concentration of 10
6
 cells/ml, was added to wells numbered 2 to 10. The 
nanofibre control (well 1) contained 50 µl of broth and 50 µl of the nanofibre 
solution, while the control culture (well 10) contained 50 µl of broth and 50 µl of 
culture (10
6
 cells/ml). Sterility controls comprised of 100 µl of broth in each of the 
wells in the last row of the microtiter plate. The contents of each well were mixed 
thoroughly and the plate was sealed and incubated overnight at 37°C, on an orbital 
shaker operating at 140 rpm. After incubation, turbidity readings were taken at 
600nm, using a microtiter plate reader, followed by the addition of 50 µl of 0.2mg/ml 
INT [Sigma] solution to each well. The plate was sealed and incubated at 37°C for 45 
min on an orbital shaker operating at 140 rpm. After incubation, the absorbance of 
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each well was determined at 600 nm using a microtiter plate reader. The percentage 
bacterial inhibition was calculated according to the following formula: 
 
 
-   
 
3.5.4 Contact Time Evaluation 
 
The contact time needed for nanofibres to effectively inhibit 10
6
 cells/ml 
concentration of culture was determined (Torres-Giner et al., 2008). Nanofibre 
samples (ranging from 10 to 100 mg) were incubated at 37°C for a period of 24 hours 
on a shaker with 10
6
 cells/ml concentration of S. aureus. An aliquot was removed 
from each sample to determine the initial concentration of the culture. Aliquots were 
removed after 30 min, 60 min, 90 min, 120 min, 24hrs and 48 hrs, serially diluted and 
then plated out onto a Yeast-dextrose agar. The number of surviving bacteria 
(CFU/ml) was obtained by dilution plate counts. This was compared to the number of 
surviving bacteria in the S. aureus culture only (negative control) and the S. aureus 
culture exposed to vancomycin (30 µg/ml) (positive control). 
 
3.5.5 Cell Attachment to Chitosan Nanofibres 
 
To determine the bacterial adhesion to the chitosan nanofibres, the mats were cut into 
1cm x 1cm blocks, UV-treated and weighed. The mats were then placed onto a sterile 
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0.22 µm Millipore filter and 1 ml of culture (10
6
 cells/ml) was filtered through, 
followed by 1ml PBS to wash away any bacteria not attached to the fibre surface. 
Gluteraldehyde (3%) was passed through a filter system and left for 3 hours to allow 
cells to fix at 4ºC and then 1 ml PBS was passed through the filter, followed by 
dehydration with 25%, 50%, 70%, 95% and 100% ethanol for 10 min at each ethanol 
concentration. The filter was removed, placed in a sterile petri dish and dried 
overnight in a fume hood. The samples were then viewed using (ESEM) FEI Quanta 
200. 
 
3.6 Image Processing of PEO Nanofibres 
 
During the electrospinning process, images of the jet path were captured using a 
camera operating at 25 frames/second, an exposure time of 25 ms was used to capture 
the images. The images were analyzed further by an image processor in order to gain 
a clear understanding of the role of different jet path lengths on the nanofibre 
formation. Image processing was performed using Matlab programming and consisted 
of the following steps; image acquisition and quantification, improvement of image 
quality and highlighting distinguishing features and compression of image data 
(Matlab, 2004; Behera, 2004; Pourdeyhimi et al. 1997; Chhabra, 2003). In the present 
case, the image is a two-dimensional array of numbers, each number corresponding to 
one small area called a “pixel” of the visual image. The number indicates the level of 
darkness or lightness of the area, with black being zero, white the maximum value and 
shades of grey, intermediate values. The size of the physical area represented by a 
pixel is called the spatial resolution of the pixel. The minimum value a pixel can have 
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is typically 0 and the maximum value depends on how the number is stored in the 
computer. One way is to store each pixel as a single bit, which means that it can take 
only the value of 0 or 1, or black and white. Improvement of image quality entails the 
following steps: removing the blur from the image, improving the contrast of the 
image before displaying it (image thresh-holding) and segmentation of the image into 
regions, such as object and background. Once the required information is extracted, 
the final part is where the image is stored in the computer with the minimum data 
size, based on minimizing the number of bytes required for image representation. 
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CHAPTER 4 
 
THE EFFECT OF ELECTROSPINNING PARAMETERS 
 
4.1 Parameter Evaluation for Electrospun PEO 
 Nanofibres 
 
Most of the literature on electrospinning has explored different types of 
electrospinning systems for producing nanofibres. A few studies have also addressed, 
either directly or indirectly, the process-property relationships for electrospun 
polymeric fibres. To fully explore the potential of electrospinning, it is essential to 
exercise control in the formation of electrospun nanofibres. In this section, the effect 
of various process parameters and solution properties on the morphology and 
diameter of PEO electrospun nanofibres is covered. The effect of the concentration of 
the polymer solution on bead formation has been investigated. In addition, the effect 
of adding polyelectrolyte or ethanol to the polymer solutions to improve the nanofibre 
structural morphology and diameter was examined. The solution related parameters 
studied include concentration, molecular weight, and conductivity as well as the effect 
of the addition of polyelectrolyte and the applied voltage, the latter being the most 
important process parameter. Some of these electrospinning parameters were further 
optimised, using statistical modeling, to obtain bead-free and uniform nanofibres. 
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4.1.1 Effect of Electrospinning Parameters on the Nanofibre 
 Structural Morphology and Diameter 
 
This chapter deals with the influence of processing parameters and solution properties 
on the structural morphology and diameter of electrospun PEO nanofibres, with a 
view to optimising the electrospinning of PEO using statistical factorial design. The 
parameters investigated in optimising the electrospinning of the PEO solutions 
included: tip-to-collector distance, applied voltage and PAH concentration. The 
effects of variation in PAH concentration on solution properties, jet path lengths and 
diameters of nanofibres, followed by the flow simulation of electrically charged 
polymer solutions and changes in the Taylor cone shape were studied. These studies 
are essential in order to establish the role of the jet path in the formation of uniform 
and bead free nanofibres. 
 
4.1.1.1 Effect of Concentration 
For fibre formation to occur during electrospinning, a minimum concentration of the 
solution is required. Under normal circumstances, with low solution concentrations, 
beads and fibres are formed, with the shape of the beads changing from spherical to 
spindle-like when the concentration of the solution increases from low to high. In 
certain cases, the fibre diameter increases with an increase in solution concentration 
because of the higher resistance resulting from the higher viscosity, although, at 
higher concentrations, the visco-elastic forces which usually resist rapid changes in 
fibre shape may result in the formation of uniform fibres. It is, however, impossible to 
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electrospin at very high solution concentrations due to the difficulty in jet formation 
resulting from the high viscosity. 
 
When the concentration of the PEO solution was varied, noticeable changes were 
observed in the fibre structural morphology and diameter, the fibre diameters 
generally increasing with increased solution concentrations. Various diameter 
parameters, namely: minimum, maximum, mean and change in diameter relative to a 
3% wt/v PEO aqueous solution, were measured by SEM as shown in Table 4.1. With 
an increase in concentration, the minimum fibre diameter of the as-spun fibres ranged 
from 34.4 nm at the lowest concentration (3% wt/v PEO aqueous solution) to 84.0nm 
at the highest concentration (7% wt/v PEO aqueous solution), whereas the maximum 
fibre diameter ranged from 90.0nm at the lowest concentration (3% wt/v PEO 
aqueous solution) to 446.0nm at the highest concentration (7% wt/v PEO aqueous 
solution) studied.  
 
Table 4.1: Relationship between the concentration of PEO (Mw= 9 X 10
5
 g/mol) 
polymer solution and fibre diameter (15cm tip-to-collector distance and 10kV 
applied voltage (0.6kV/cm) 
Sample 
Code 
Concentration 
of 
PEO (% wt/v) 
Diameter (nm) 
 
% wt/v change in 
diameter w.r.t  3% 
wt/v PEO 
Min Max Mean Min Max 
NF-P3 3 34 90 56 - - 
NF-P4 4 48 103 72 40 14 
NF-P5 5 59 156 89 72 73 
NF-P6 6 69 281 128 102 212 
NF-P7 7 84 446 171 144 396 
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The mean fibre diameter showed a similar trend, increasing with increase in PEO 
concentrations. This was attributed to the higher viscosity associated with the 
increasing concentration, preventing the bending instability of the jet from setting in 
for a longer tip-to-collector distance as it emerged from the spinneret. It can be seen 
that the fibre diameter increases significantly with increasing solution concentration. 
When the solution concentration increases, the viscosity increases, resulting in higher 
entanglements of the polymer chain in the solution, which in turn, results in fibres 
with larger diameters. This is possibly due to the greater resistance experienced by the 
polymer solution when being stretched by the electrical forces acting on the jet. 
  
 
Figure 4.1. Diameter distribution of electrospun PEO nanofibres (15cm tip-to-
collector distance and 10kV applied voltage (0.6kV/cm)) 3% wt/v (NF-P3); 4% wt/v 
(NF-P4); 5% wt/v (NF-P5); 6% wt/v (NF-P6) and 7% wt/v (NF-P7). 
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The diameter distributions of the various electrospun nanofibres, shown in Figure 4.1, 
are quite narrow but near normal for the fibres spun from 3 and 4% wt/v PEO 
solutions, respectively. With further increases in PEO concentration (to 5, 6 and 7% 
wt/v), the fibre diameter distribution gradually widens into right-skewed non-normal 
distributions with a characteristic „„tailing effect‟‟. This is attributed to the tip-to-
collector distance and the applied voltage (kept constant) used, effectively allowing 
sufficient stretching of the polymer solution at the higher concentrations. In other 
words, the concentration of the aqueous PEO solution has proven to be an effective 
parameter for controlling the structural morphology of the electrospun nanofibres. 
 
4.1.1.2 Effect of Molecular Weight 
Molecular weight has a significant effect on the rheological and electrical properties, 
such as: viscosity, surface tension, conductivity and dielectric strength, of a polymeric 
solution. It has been found that a low molecular weight solution tends to form beads 
rather than fibres, whereas a high molecular weight solution produces fibres with a 
large average diameter, as shown in Figure 4.2. 
 
The length of the polymer chain is determined by the molecular weight of the 
polymer, which in turn has an effect on the viscosity of the solution at a given 
concentration. One of the required conditions for electrospinning to take place 
successfully is that the solution must contain a polymer of adequate molecular weight 
and sufficient viscosity.  
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Generally, when a polymer of higher molecular weight is dissolved in a solvent, its 
viscosity will be higher than that of the same polymer of lower molecular weight. This 
is due to the increased entanglement of the polymer chain within the solution which is 
essential to form a continuous jet during electrospinning. 
 
Figure 4.2. SEM micrographs showing the effect of molecular weight on the 
microstructure of electrospun nanofibres a) 5% wt/v, b) 6% wt/v PEO (3 x 10
5
 g/mol) 
aqueous solution; c) 5% wt/v, d) 6% wt/v PEO (Mw= 9 x 10
5
 g/mol) aqueous solution 
(15cm tip-to-collector distance and 10kV applied voltage (0.6kV/cm).  
 
The polymer chain entanglements determine the stability of the jet and prevent 
formation of droplets, thereby controlling the morphology of the nanofibres, in terms 
of the formation of beads or smooth fibres (Ramakrishna et al., 2005).
 
Figure 4.2 
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illustrates how the structural morphology of electrospun nanofibres improves with an 
increase in the molecular weight of the polymer. 
 
 
Figure 4.3. Relationship between PEO solution concentrations (4% wt/v - 7% wt/v) 
and average fibre diameter Mw= 3 x 10
5
 g/mol (NF-P3) and 9 x 10
5
 g/mol (NF-P9) 
15cm tip-to-collector distance and 10kV applied voltage (0.6kV/cm)).  
 
SEM studies revealed two distinctive scenarios in the structural morphology of the 
nanofibre web as a function of molecular weight. Fibres produced from the 5% wt/v 
aqueous solution of PEO (Mw= 3 x 10
5
 g/mol) had almost spherical beads, as 
illustrated in Figure 4.2(a), while fibres with fewer beads and more spindle-like in 
shape were produced from the higher molecular weight PEO (Mw= 9 x 10
5
 g/mol), as 
shown in Figure 4.2(b), indicating a better (higher), stretching of the polymer 
solution.  
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The bead-to-fibre transition was observed at lower concentrations as the molecular 
weight increased. It is also apparent that, more uniform fibres with few, if any, beads 
were obtained from the 6% wt/v solution of the higher molecular weight PEO (Figure 
4.2(d)), than from the 6% wt/v solution of the lower molecular weight PEO (Figure 
4.2(c)). The results obtained indicate that the low molecular weight solution tended to 
form beads rather than fibres while the high molecular weight solution produced 
bead-less fibres with larger average diameters, as shown in Figure 4.3. 
 
During electrospinning process, the polymer solution is drawn from the nozzle of the 
spinneret and the solution properties, namely, viscosity and surface tension, determine 
the extent to which the solution is stretched under the electrostatic forces (Subbiah et 
al., 2005; Jaeger et al., 1996). This is illustrated in Figure 4.3, where a higher average 
fibre diameter is produced from the polymer with a higher molecular weight.  
 
4.1.1.3 Effect of Polyelectrolyte 
Polymeric nanofibres are widely used in many industries, such as textiles, composites, 
filtration, wound dressing, tissue engineering and electronics, where the fibre surface 
properties, such as the presence of beads and fibre smoothness, play an important role. 
It is possible for the fibre surface properties to be modified, utilizing various 
techniques or treatments, to suit a particular application (Huang et al., 2003). 
 
A polyelectrolyte is a macromolecule, which when being placed in water or in any 
other ionizing solvent, dissociates into highly charged polymeric molecule. Since the 
ionic charges are directly related to the electrical conductivity of the solution, the 
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addition of a polyelectrolyte increases the charge density on the surface of the ejected 
jet, thus leading to an increase in the electric charges carried by the jet.  
In this study, small amounts of two polyelectrolytes, namely Poly (acrylic acid, 
sodium salt), PAA and Poly (allylamine hydrochloride), PAH, ranging from 0.1 to 4 
% wt/wt, were added to an aqueous solution of PEO in order to determine their effects 
on the electrospun fibre properties. SEM images of the PEO nanofibres electrospun 
from 5% wt/v and 6% wt/v PEO-aqueous solutions with and without 2% wt/wt PAA 
and PAH are shown in Figure 4.4. The fibres spun from the 5% wt/v PEO solution, 
with and without 2% wt/wt PAA and PAH, displayed bead formation (Figures 4.4a, 
4.4b and 4.4c), whereas fibres from the images for 6% wt/v PEO solutions showed a 
significant reduction in bead formation (Figures 4.4d, 4.4e and 4.4f), with smooth and 
uniform fibres formed from the polymer solution containing 2% wt/wt PAH.  
 
 
Figure 4.4. SEM images of electrospun PEO nanofibres a) 5% wt/v, b) 5% wt/v*, c) 
5% wt/v**, d) 6% wt/v, e) 6% wt/v*, f) 6% wt/v** PEO (Mw= 3 x 10
5
 g/mol) 
aqueous solution (13cm tip-to-collector distance 15kV and applied voltage 
(1.15kV/cm)). * denotes 2% wt/wt PAA, **  denotes 2% wt/wt PAH. 
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These results were further supported by the AFM image (Figure 4.5) which showed 
that the electrospun fibres containing 2% wt/wt PAH had uniform fibre diameters and 
smooth surfaces. Similarly, these results agree with those obtained previously when 
the addition of polyelectrolyte to polymer solutions, was investigated and where it 
was found that bead defects and fibre diameter decreased when a rotating drum was 
used as the collecting device (Zong et al., 2002). 
 
 
 
Figure 4.5. AFM image of PEO (Mw= 3 x 10
5
 g/mol) electrospun nanofibres (2% 
wt/wt PAH (13cm tip-to-collector distance and 15kV applied voltage (1.15kV/cm)).  
 
Because the addition of the polyelectrolyte increased the charge density carried by the 
jet and thus the electrostatic forces on the polymer jet, there was a significant drop in 
the diameter of the electrospun nanofibres when the electrical conductivity of the 
solution was increased. Beads were observed due to the low conductivity of the 
solution, which resulted in the elongation of the jet by the electrical force that was 
insufficient to produce uniform fibres. 
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In general, electrospun nanofibres with the smallest diameters can be obtained with 
the highest electrical conductivity, the decrease in the fibre diameter is due to the 
increased electrical conductivity. When polyelectrolytes of different concentrations 
were added to the PEO solution, the ions in the polymer solution increased the 
electrical conductivity of the solution, thereby increasing the charge carrying capacity 
of the jet, as shown in Figure 4.6. As a result, the stretching of the solution jet was 
increased, leading to the formation of uniform electrospun fibres with fewer beads, 
caused mainly by the lower surface tension.  
 
Figure 4.6. The effect of polyelectrolyte on the conductivity of 6% wt/v PEO (Mw= 3 
X 10
5
 g/mol) aqueous solution (13cm tip-to-collector distance and 15kV applied 
voltage (1.15kV/cm).  
 
At higher surface tensions, there are fewer and smaller beads on the fibre surface. 
Thus, the polymer solution and the inorganic additive have the effect of preventing 
the occurrence of beads during electrospinning. It was observed that at the same 
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concentration, the conductivity of the PAA solution is lower than that of the PAH. 
These results agree with those in Figure 4.4, which show solution with fewer beads 
associated with the addition of PAH than with the addition of PAA. It is evident that 
the addition of a polyelectrolyte to the polymer solution increased the conductivity of 
the solution and encouraged the formation of smooth fibres. 
 
4.1.1.4 Effect of Solvent  
Solvent characteristics represent one of the major contributors to the morphology and 
diameter of electrospun nanofibres.  
 
 
Figure 4.7. SEM micrographs showing the effect of ethanol addition on the 
morphology of electrospun nanofibres I) 0% wt/wt; II) 10% wt/wt; III) 20% wt/wt, d) 
30% wt/wt ethanol (3% wt/v PEO (Mw= 9 x 10
5
 g/mol) aqueous solution; at 20cm tip-
to-collector distance and 5kV applied voltage (0.25kV/cm). 
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When ethanol was added to the 3% wt/v PEO aqueous solution, bead formation 
decreased and the shape of the beads changed from spherical into spindle-like, as 
indicated by the increased bead length shown in Figure 4.7.  
 
When changing the solvent from pure water to a water/ethanol mixture, while keeping 
the PEO concentration constant, a reduction in bead formation occurred due to the 
increased stretching force acting on the solution jet as shown in Figure 4.8. Increasing 
the ethanol concentration increases the solution viscosity and lowers the surface 
tension; these effects essentially favoring a reduction in bead formation. 
  
 
Figure 4.8. Relationship between the amount of ethanol added to a 3% wt/v aqueous 
PEO (Mw= 9 x 10
5
 g/mol) solution and the corresponding bead lengths of electrospun 
nanofibres (20cm tip-to-collector distance and 5kV applied voltage (0.25kV/cm)).  
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The elongation in bead length is associated with the decrease in net charge density, 
which reduces the charge repulsion force due to the addition of ethanol. At the same 
time, the addition of ethanol makes evaporation of the solvent easier, which increases 
the viscosity and slows the rate of bead formation. The results obtained and shown in 
Figures 4.7 and 4.8 reflect a combination of these two effects. The beads appeared to 
be shorter at lower concentrations of ethanol, as shown in Figure 4.7, but increased 
with an increase in ethanol concentration. This is attributed to the reduction in the 
charge density carried by the jet and the increase in viscosity and evaporation rate of 
the mixed solvent (Theron et al., 2004). Similar results were obtained in the case of 
the PEO, when the solution containing water-ethanol mixture exhibited less beading 
(Fong et al., 1999
b
). 
 
4.1.1.5 Effect of Applied Voltage 
The applied electric field is one of the most important parameters in the 
electrospinning process. This is due to its direct influence on the dynamics of the fluid 
flow. In the electrospinning process, a high voltage is introduced into the polymer 
solution so that electrostatic charges are induced in the fluid. The changes in the 
applied voltage are reflected in the shape of the suspending droplet at the nozzle of 
the spinneret. The resultant effect of the surface charge, dripping rate, velocity of the 
flowing fluid is exemplified in the structural morphology of the fibres, shown in 
Figure 4.9.  
 
During electrospinning, the electric current is usually assumed to be negligible due to 
the ionic conduction of charges in the nanofibre solution. Hence, the only mechanism 
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of charge transport is the flow of solution from the tip to the target collector. Thus, an 
increase in the electrical current generally reflects an increase in the mass flow rate 
from the capillary tip to the grounded collector, when all other variables 
(conductivity, dielectric constant and flow rate of solution to the capillary tip) are kept 
constant.  
  
 
Figure 4.9. SEM micrographs showing the effect of electric field strength on the 
microstructure of electrospun 7% (wt/v) PEO (Mw= 3 x 10
5
 g/mol) solution (10cm 
tip-to-collector distance and 5kV- 25kV applied voltage (0.5kV – 2.5kV/cm).  
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Increasing the applied voltage (i.e., increasing the electric field strength) will increase 
the electrostatic repulsive force on the fluid jet which favours the formation of thinner 
fibres. On the other hand, the solution will be removed from the capillary tip more 
quickly as the jet is ejected from the Taylor cone, resulting in an increase in the fibre 
diameter. In this study, the applied voltage was varied from 5 to 25 kV for 
electrospinning 7% wt/v PEO solutions while keeping all other parameters constant. It 
was observed that as the applied voltage was increased, there was an increase in the 
„„cluster‟‟ bead formation as shown in Figure 4.9.  
 
Although the applied voltage has shown to have less effect on the morphology and 
diameter of electrospun nanofibres than the solution concentration, other influences 
have been observed in this study. Depending on the feed rate and viscosity of the 
polymeric solution, a higher voltage may be required to ensure the stability of the jet. 
As the voltage supplied has an influence on the stretching and acceleration of the jet, 
it will have an influence on the morphology of the fibres. 
 
At an applied voltage of 5 kV, “ideal” fibre formation did not occur, as some irregular 
beaded fibres occured. As the voltage was increased from 10 to 17.5 kV, fibres with 
higher diameters, which resembled a web-like structure, were formed. This may be 
attributed to the instability of the jet causing an increase in bead density. With further 
increases in the applied voltage to 20kV, the fibre diameter decreased, whereas at 
25kV the „„bead-on-string‟‟ shapes were produced. 
 
It was observed that the distribution of the fibre jet was very broad at an applied 
voltage of 5 kV, but became quite narrow as the applied voltage was increased from 
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10kV to 25 kV. This, however, might be due to the charges on the jet, which are 
influenced by the external electric field, affecting the jet path. Although not shown in 
Figure 4.9, with additional increase in the applied voltage (above 25 kV), the droplet 
at the tip of the nozzle receded completely and the jet was initiated directly from the 
tip of the spinneret.  
 
The effect of the applied potential on both the diameter and structural morphology of 
PEO fibres, described above, can be explained by considering the effects of all forces 
acting on a small segment of a charged jet, as listed below (Ramakrishna et al., 2005):  
 Body or gravitational force, 
 Electrostatic force, which carries the charged jet from the spinneret to the target, 
 Coulombic force, which tries to push apart adjacent charged carriers present 
within the jet segment and is responsible for the stretching of the charged jet 
during its flight to the target, 
 Viscoelastic force, which resists the charged jet being stretched, 
 Surface tension which also resists the stretching of the surface of the charged jet 
and  
 Drag force due to the friction between the charged jet and the surrounding air. 
 
The effect of the applied voltage on the structural morphology of nanofibres can be 
explained in terms of the inter-relationships between the three major forces 
influencing the fibre diameter, namely, Coulombic, viscoelastic and surface tension. 
At a low applied voltage (5 kV), the Coulombic force was not high enough relative to 
the surface tension. This resulted in the presence of large beads along the length of the 
electrospun fibres. At a moderate applied voltage (10 to 20 kV), all three forces 
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mentioned above were well-balanced, thus resulting in a narrow fibre diameter 
distribution. With further increases in the applied voltage (above 25kV), the 
Coulombic force became significantly greater than that of the visco-elastic force 
which could increase the possibility of breakage occurring in an over-stretched 
charged jet during its flight from the tip of the nozzle to the target collector.  
 
4.2 Role of Jet Path in Forming Uniform and Bead-free 
 Nanofibres 
 
Nanofibres produced by electrospinning can be modified in a number of different 
ways in order to improve their properties and/or to increase the diversity of materials 
produced as fibrous nanostructures. In many potential applications of nanofibres, it is 
desirable to have fibres with a uniform diameter and free from beads. Considerable 
research has been carried out and is continuing, in an attempt to address this 
challenge, Beads are considered defects and are the result of insufficient stretching of 
the electrically charged jet during fibre formation, which can be the result of too low 
charge density of the polymer solution, or due to other parameters, such as solution 
properties and processing conditions. Results from previous sections demonstrated 
that the addition of a polyelectrolyte to the spinning solution can overcome the above-
mentioned drawback. Polyelectrolytes dissociate into highly charged polymeric 
molecules that are directly related to the electric conductivity of the solution. As a 
result, the addition of a polyelectrolyte increases the charge density of the ejected jet, 
leading to an increase in the electrical charges carried by the jet. Understanding the 
influence of the different modes of fibre formation (straight and whipping path), 
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together with the shape of the Taylor cone, is very important when the concentration 
of the polyelectrolyte is varied during electrospinning. 
 
Generally, there are two different paths of nanofibre formation or jet modes, namely, 
straight and whipping jet path. To date, it is not known how the length of the straight 
jet path contributes to the uniformity of nanofibres and affects the length and 
instability of the whipping path, both influencing the formation of the nanofibres. 
Detailed knowledge of the fibre formation modes along with processing and solution 
conditions should provide a clearer picture on the main factors influencing the 
uniformity of nanofibres. This section deals with the influence of the variation in PAH 
concentration on the solution properties, jet path lengths and fibre diameter, followed 
by the flow simulation of electrically charged polymer solutions and changes in the 
Taylor cone shape, the role of the jet path in the formation of uniform and bead-free 
nanofibres are further discussed. 
 
4.2.1 Role of PAH Concentration 
 
Changes in PAH concentration, PEO (Mw = 3 x 10
5
 g/mol; 9 x 10
5
 g/mol) solution 
properties, length of the jet path and nanofibre diameter are shown in Table 4.2. The 
results show that, with an increase in PAH concentration, the average diameter of the 
nanofibres decreased, for the molecular weights studied. There is also being an 
associated decrease in CV % of nanofibrous diameter. The decrease in diameter can 
be attributed to the increased stretching of the electrically charged polymer solutions, 
which also resulted in less dispersion in the measurements.  
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Table 4.2: Effect of variation in PAH concentration on solution properties, jet 
path lengths and nanofibre diameter 
PAH conc.  
(% wt/wt)  
Surface 
tension 
(mN m
-1
) 
 
*           ** 
Viscosity 
(cp) 
 
 
*         ** 
Jet path length (cm) 
Straight          Whipping 
 
 
*          **        *         ** 
Average 
fibre 
diameter 
(nm) 
*         ** 
0 
 
35.2   81.4 410   1127 1.0       0.7 14.0      14.3 220      285 
(53)      (67) 
0.5 35.3   81.2 405   1135 2.4       0.9 12.6      14.1 180       233 
(39)      (65) 
1.0 34.8   81.6 423   1108 3.2       1.2 11.8      13.8 128       203  
(36)      (59) 
2 35.7   81.3 418   1132 5.0       1.8 10.0      13.2 107      194 
(21)      (54) 
Values in the parenthesis indicate the CV% in the measurement of nanofibres 
diameter. 
*  denotes Mw = 3 x 10
5
 g/mol 
**  denotes Mw = 9 x 10
5
 g /mol  
 
Although not shown in Table 4.2, but however shown in Figure 4.6, similar trends for 
the conductivity have been demonstrated for PEO (Mw = 3 x 10
5
 g/mol; 9 x 10
5
 
g/mol) solutions. The conductivity of the PEO solutions increased with an increase in 
PAH concentration as a result of the increased charge density of the solution in the 
electrospinning jet. 
The increase in the conductivity of the low molecular weight polymer solution (Mw = 
3 x 10
5
 g/mol) is greater than that of the high molecular weight (Mw = 9 x 10
5
 g/mol) 
polymer solution. This may be attributed to the lower degree of polymer chain 
entanglement in the low molecular weight polymer when compared to that in the 
higher molecular weight polymer, allowing a greater freedom of movement of 
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electrical charges. As expected, the surface tension and viscosity of the low molecular 
weight polymer were lower than those for the high molecular weight polymer. For 
both molecular weights of the polymer solution, no particular trend was observed for 
surface tension and viscosity when the concentration of PAH was increased. The 
influence of the length of the jet path (i.e. straight and whipping) on the fibre 
uniformity and morphology is discussed in the following sections. 
 
4.2.2 Flow Simulation of Taylor Cone Shape 
 
Most electrospinning models utilize the three conservation quantities namely, that of 
mass, momentum and charge. The polymer solution used in the electrospinning 
process was an electrically charged liquid, with Velocity inlet and outlet boundary 
conditions being used for simulation purposes. At the wall no slip boundary 
conditions were applied. The following governing equations have been used for the 
flow simulation of the electrically charged liquid (Ramakrishna et al., 2005). 
 
Conservation of mass,                                                                      (1) 
Conservation of momentum,         (2) 
Conservation of charge,          (3) 
 
Where, R: jet radius, t: time, v: jet velocity, z: straight path, ρ: liquid density, p: liquid 
pressure, I: total current in the jet, K: liquid conductivity, E: electric field and σ: 
surface charge density. 
- 104 - 
 
The simulated images (2-dimensional) of the electrically charged liquid and the shape 
of the Taylor cone with variation in PAH concentration for both polymers at different 
molecular weight are shown in Figures 4.10 and 4.11. Each colour in these figures 
represents a particular velocity (in cm.s
-1
), red being the highest and blue the lowest.  
 
 
Figure 4.10. Changes in the Taylor cone shape with variation in PAH concentration: 
(a) 0% wt/wt, (b) 0.5% wt/wt, (c) 1% wt/wt, and (d) 2% wt/wt. (PEO, Mw = 3 x 10
5
 g 
mol
-1
). 
 
With an increase in PAH concentration, there was an increase in the flow of the 
electrically charged solution towards the nozzle tip. These changes were prominent 
for the low molecular weight polymer, whereas for the high molecular weight 
polymer; the changes were just noticeable. For example, for a 0% wt/wt, 0.5% wt/wt, 
1% wt/wt and 2% wt/wt PAH concentration, the Mw of 3 x 10
5
 g mol
-1
 polymer 
showed a solution velocity of 0.6, 0.8, 1.0 and 1.5cm.s
-1
, respectively, at the tip of the 
nozzle as shown in Figure 4.10(d). For similar PAH concentrations mentioned above, 
the corresponding solution velocity for polymer with Mw of 9 x 10
5
 g mol
-1
 at the tip 
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of the nozzle is <1.0, 1.0, 0.27 and 0.3cm.s
-1
, respectively, as shown in Figure 4.11(d). 
This continuous flow of the electrically charged solution towards the nozzle tip 
increased the shape and size of the Taylor cone for the low molecular weight polymer. 
 
The Taylor cone for the 2% wt/wt PAH concentration increased in height and 
diameter when compared to 0% wt/wt (without PAH), 0.5% wt/wt and 1% wt/wt. The 
height and diameter of the Taylor cone obtained from simulations covering different 
concentration of PAH are shown in Table 4.3.     
 
Table 4.3: Influence of variation in PAH concentration on the dimensional 
parameters of the Taylor cone obtained by simulation 
PAH 
concentration (% 
wt/wt) 
Taylor cone dimensional parameters (mm) 
         Height, h                              Diameter, dia 
          *         **                                   *         ** 
0 0.5       0.3 0.5      0.3 
0.5 1.0       0.4 1.5      0.5 
1.0 1.2       0.6 1.8      0.6 
2 2.0       0.7 3.0      0.7 
*  denotes Mw = 3 x 10
5
 g/mol 
**  denotes Mw= 9 x 10
5
 g/mol 
 
According to the model, a larger height and diameter of the Taylor cone along with a 
high solution velocity resulted in a gradual decrease in the average fibre diameter for 
the low molecular weight polymer.  
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Figure 4.11. Changes in the Taylor cone shape with variation in PAH concentration: 
(a) 0% wt/wt, (b) 0.5% wt/wt, (c) 1% wt/wt, and (d) 2% wt/wt. (PEO, Mw = 9 x 10
5
 g 
mol
-1
). 
 
Also, the variations in the diameters of nanofibres decreased with increase in the 
dimensional parameters of the Taylor cone particularly for the lower molecular 
weight polymer, as shown in Tables 4.2 and 4.3. A high degree of chain entanglement 
in the high molecular weight polymer restricts the flow of the electrically charged 
solution towards the tip of the Taylor cone, resulting in the formation of a smaller 
Taylor cone, smaller size even with increasing concentration of PAH. The variation in 
fibre diameter was still very high for this case (Table 4.2).  
 
4.2.3 Role of the Jet Path 
 
In the electrospinning process, the forces which contribute towards jet initiation 
(electric field force and Coulombic force) overcome the opposing forces (surface 
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tension and viscoelastic), as a result of which the electrically charged liquid droplet 
protrudes towards the grounded collector, following at the initial stage, a straight path 
and then a whipping path. Images of the jet paths obtained are shown in Figures 4.12 
and 4.13 for polymers with molecular weights of 3 x 10
5
 g/mol and 9 x 10
5
 g/mol, 
respectively. In both cases, the images indicate that in all the scenarios, the initial 
straight jet path is followed by a whipping path, the lengths of both the jet paths being 
influenced by the PAH concentration.  
 
 
Figure 4.12. Images of the jet paths obtained by an image processing device: (a) 0% 
(wt/wt), (b) 0.5% (wt/wt), (c) 1% (wt/wt), and (d) 2% (wt/wt). (PEO, Mw = 3 x 10
5
 
g/mol). 
 
The different jet path lengths obtained from image processing device are shown in 
Table 4.2. It appears that, for low molecular weight polymer (Mw = 3 x 10
5
 g/mol), 
the length of the straight jet path increased with an increase in PAH concentration, 
with a corresponding decrease in the length of whipping jet path, as shown in Table 
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4.2 and Figure 4.12. This can be ascribed to the increased in charge density carried by 
the jet with the addition of PAH, which maintained the straight path of the jet beyond 
the zone of the Taylor cone. 
 
The increase in the charge density provides some additional stability which 
encouraged further stretching and thinning which in turn resulted in the formation of 
nanofibres with smaller diameters. The results in Figure 4.12(a) illustrate that the jet 
produced without PAH (0% wt/wt) was dominated by the non-uniform whipping path, 
with only a very small straight path length. The percentage contribution of the straight 
and whipping path lengths to the total path length of 15 cm were 7% and 93%, 
respectively. Since the initial straight path was small (1 cm), there was no control or 
stabilizing effect over the fibre movement, hence it followed a non-uniform path, with 
irregular stretching and thinning of the jet, resulting in the formation of nanofibres 
with round beads. The diameter of the nanofibres obtained from such paths is shown 
in Table 4.2. 
 
With the addition of 0.5% wt/wt PAH to the spinning solution, there was an increase 
in the straight path length and also an increase in the stabilizing effect over the initial 
jet path, followed by the irregular whipping path as shown in Figure 4.13(b). This 
increase in the stabilizing effect was not sufficient to control the whipping path and as 
a result, there was an irregular stretching and thinning of the jet resulting in the 
formation of uneven and beaded nanofibres. The percentage contributions of the 
straight and whipping path lengths to the total path length were 16% and 84%, 
respectively as shown in Figure 4.13(a). 
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With the addition of 1.0% (wt/wt) PAH to the spinning solution, there was a further 
increase in the straight path length and also in the stabilizing effect over the initial jet 
path followed by the regular whipping path as shown in Figure 4.13(c). Thus, the 
stretching and thinning of the jet became regular.  
 
 
Figure 4.13. Images of the jet paths obtained from image processing: (a) 0% wt/wt, 
(b) 0.5% wt/wt, c) 1% wt/wt, and (d) 2% wt/wt. (PEO, Mw = 9 x 10
5
 g/mol). 
 
The percentage contribution of the straight and whipping path lengths to the total path 
length was 21% and 79%, respectively. With a further increase in the PAH 
concentration to 2% wt/wt; there is a significant increase in straight path length and a 
corresponding decrease in the whipping path length, as shown in Figure 4.13(d). This 
increase in the straight path length improved the stabilization effect over the jet path 
and the whipping became more controlled and followed a regular helical path, without 
significant perturbation, as evident in Figure 4.13(d). The increase in the repulsive 
Coulombic forces between the neighboring electrically charged particles with the 
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decreasing tip-to-collector distance between them, caused stretching and thinning of 
the electrically charged jet, thus the jet became more regular. This resulted in the 
formation of uniform nanofibres, with the percentage contribution of the straight and 
whipping path lengths to the total path length being 33% and 67%, respectively.  
 
These results indicate that increasing the straight jet path length introduced stability in 
the fibre formation, resulting in uniform and bead free fibres, as shown in Figure 4.14 
(b). In addition, the increase in straight path length made the whipping path length 
more regular and controllable.  
 
 
Figure 4.14. SEM micrographs showing the role of variation in PAH concentration of 
PEO (Mw = 3 x 10
5
 g/mol) nanofibres: (a) 0.5 % wt/wt, (b) 2% wt/wt. 
 
It is therefore apparent that the length of the straight jet path during the fibre 
formation mode played a major role in the formation of uniform and bead free fibres. 
PEO nanofibres spun with a higher PAH concentration provided uniform fibres with 
longer straight jet path lengths than those spun with a lower PAH concentration. 
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Considering the case of the higher molecular weight (Mw = 9 x 10
5
 g/mol) PEO, the 
percentage contribution of the straight path length to the total path length was in the 
range of 5-12% with an increase in PAH concentration from 0 to 2% wt/wt and that of 
the whipping path length was in the range of 95-88%. Therefore, the path lengths 
were dominated by the irregular whipping part which resulted in the formation of 
nanofibres with higher diameters. By maintaining the same electrospinning 
conditions, the higher molecular weight polymer solution resulted in the formation of 
thicker nanofibres than the lower molecular weight polymer. 
 
4.3 Electrospinning Process and Parameter 
 Optimisation by Statistical Modeling 
 
Based on experimental observations and electro-hydrodynamic theories, mathematical 
models have been developed by several groups for the electrospinning process. All 
these studies provide a better understanding of the mechanisms responsible for the 
process of electrostatic spinning. Moreover, they can assist the researchers greatly in 
designing new setups which could provide a better control over the structural 
morphology and diameter of electrospun nanofibres. 
 
The electrospinning process can be adjusted by varying a number of governing 
parameters that include: the solution properties (polymer concentration, molecular 
weight, viscosity, surface tension, dielectric constant and conductivity), processing 
parameters (applied voltage, electric field strength, tip-to-collector distance, flow rate) 
and ambient conditions (temperature and humidity).   Thus, the traditional way of 
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studying the influence of one factor at a time is not a suitable method in such a highly 
variable process. Doing so, can also lead to contradictory results, as reported in 
literature (Heikkila et al., 2008; Jarrah, 2009), since the influence of other parameters 
associated with the process is often overlooked. An orthogonal experimental design 
was used in a study on the electrospinning of nylon 6, from which it emerged that the 
viscosity of the solution, salt content and the strength of the electric field were the 
main parameters determining the diameter of the fibres (Heikkila et al., 2008). The 
influence of process parameters on the catalytic carbon nanofibres formation using a 
2
3
 factorial design has been reported and it was concluded that the effects of the main 
parameters and their interactions were significant and important in the growth of the 
fibres (Jarrah, 2009). 
 
There is no doubt that there is a lack of comprehensive research work which takes 
into account electrospinning process and solution parameters simultaneously and at 
various levels. Hence, there is a need for such research which can optimize the 
various parameters for producing uniform nanofibres and also for predicting the 
diameter of nanofibres from the selected parameters using statistical modeling. The 
significance of the various electrospinning parameters can be quantified from such a 
study. Also, any changes in the fibre morphology will be known, when deviation from 
the optimised region occurs. To address some of these issues, this study investigated 
the electrospinning of polyethylene oxide (PEO) nanofibres under different process 
and solution parameters using Box and Behnken factorial experiment design (Box et. 
al., 1960; Montgomery, 2002). The advantage of this technique is that not only can 
the individual effect of the parameters be determined qualitatively and quantitatively, 
but so too, the interaction effects of the variables (Jacobs et al., 2011
b
). 
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4.3.1 Morphology of Nanofibres and Response Surface Functions 
 
The average diameter of the nanofibres obtained from the experiment is given in 
Table 4.4. In all 15 cases of the experiment, uniform and bead free nanofibres were 
obtained, together with a very low, variation in diameter as indicated by the CV%.  
 
Table 4.4: Average fibre diameter and CV of diameter obtained for the different 
samples 
Experimental 
number 
Average Fibre Diameter 
(nm) 
Coefficient of 
variation (CV %) 
1 178 11.2 
2 134 15.0 
3 159 11.9 
4 164 14.0 
5 190 10.7 
6 136 11.8 
7 157 12.6 
8 161 11.3 
9 139 14.5 
10 192 9.7 
11 138 12.2 
12 174 14.8 
13 158 11.3 
14 154 11.8 
15 151 13.2 
 
The results in Table 4.4 indicate that the accurate selection of the parameters played a 
crucial role in obtaining uniform nanofibres. Some of the randomly selected SEM 
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images from the experimental combination numbers 3, 7, 8 and 15 are shown in 
Figure 4.15, which confirms this observation.  
 
 
Figure 4.15. SEM images showing the morphology of nanofibres for experimental 
combination numbers: (a) 3, (b) 7, (c) 8 (d) 15. 
 
Response surface methodologies were used to analyze the experimental data and a 
second order polynomial equation was fitted using multiple regressions analysis (Box 
et al., 1960; Box et al., 1978; Montgomery, 2002; Khuri et al., 1996). The coefficients 
were generated by regression and stepwise elimination.  
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The quality of fit of the model was evaluated by the coefficients of determination (R
2
) 
and the analysis of variances. The insignificant coefficients were eliminated after 
examining the coefficients and the model refined accordingly. 
 
The response surface equation for an average fibre diameter is given by: 
 
1331211222110 xxCxxCxCxCCy                 (4.4) 
 
By multiple regression analysis, the coefficients of the parameters (tip-to-collector 
distance, applied voltage, PAH concentration), significance probability (P-value) and 
correlation coefficients were obtained as shown in Table 4.3. The significant test was 
performed at the 95% confidence level. The P-value in Table 4.3 is a measure of 
statistical significance, if it is less than 0.05, then the variable had a significant effect 
on the average fibre diameter and vice versa. From Table 4.3, it can be seen that all 
the selected parameters had a significant effect on the measured fibre diameter. The 
interaction between the PAH concentration and the tip-to-collector distance played the 
most dominant role, as shown by the coefficient of the interaction term. The 
coefficients of the interaction between tip-to-collector distance and applied voltage 
and applied voltage alone were more or less similar. In this case, the coefficients 
which play the dominant role can be determined from the response surface plots, 
which will be discussed in subsequent sections. The response surface equation for the 
average fibre diameter is given by: 
 
132121 5.14250.125.12125.11159 xxxxxxy              (4.5) 
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where, y is the average fibre diameter and x1, x2, and x3 are the coded values of tip-to-
collector distance, applied voltage and PAH concentration, respectively.  
The square of the correlation coefficient (R
2
) between the experimental and calculated 
fibre diameters, obtained from the response surface equation was 0.774, indicating a 
reasonable correlation between the experimental observation and the value predicted 
from the model. 
 
Table 4.5: Analysis of variance for three variables (tip-to-collector distance, 
applied voltage and PAH concentration), significance probability (P-value) and 
correlation coefficient 
Term Coefficient P-value* 
Constant C0 = 159.0 0.000 
Tip-to-collector distance: 
x1 
C1 = -11.1 0.013 
Applied voltage: x2 C2 = 12.5 0.007 
Tip-to-collector distance × 
Applied voltage: x1.x2 
C12 = 12.2 0.040 
PAH × Tip-to-collector 
distance: x3.x1 
C31 = 14.5 0.019 
*R
2
= 0.774 
 
The response surface of fibre diameter, as a function of different levels of the selected 
parameters and the predicted optimised regions, as well as changes in the fibre 
morphology are discussed later. Three different cases have been considered as per 
their statistical significance and dominance, starting with applied voltage.  
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4.3.1.1 Response Surfaces of Fibre Diameter as a Function of PAH Concentration  
 and Tip-to-collector Distance for Different Applied Voltages 
In the first case, the interaction effect of levels of PAH concentration and tip-to- 
collector distance on fibre diameter for different values of applied voltage has been 
considered and is shown in Figures 4.16, 4.17 and 4.18. The applied voltage was kept 
at the -1 level (9 kV), 0 level (11 kV) and +1 level (13 kV), respectively. These 
parameters were chosen first as they had the most significant and dominant effects of 
all the selected parameters, as shown in Table 4.3. The response surface equation for 
the average fibre diameter, for the -1 level of tip-to-collector-distance (2 cm) is given 
by substituting x2= -1 in Equation 4.5. Similarly, the other corresponding two 
equations were obtained by substituting x2 = 0 and x2 = 1 in Equation 4.5. The 
resultant equations are: 
 
For x2 = -1, 131 5.14375.235.146 xxxy               (4.6) 
For x2 = 0, 131 5.14125.11159 xxxy               (4.7) 
For x2 = +1, 131 5.14125.15.171 xxxy               (4.8) 
 
The interaction effect of PAH concentration and tip-to-collector distance on fibre 
diameter is shown in Figure 4.16 for an applied voltage of 9 kV. The average fibre 
diameters at the: -1 level (2), 0 level (2.5) and +1 level (3) of PAH concentration is 
185 nm, 146 nm and 112 nm, respectively.  
 
With an increase in PAH concentration from -1 to the 0 level, there was a 21% 
decrease in fibre diameter. With a further increase in PAH concentration from 0 to +1, 
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there was a 23% decrease in diameter. Overall, with an increase in PAH concentration 
from -1 (2) to +1 (3), there was a 39% decrease in fibre diameter, which indicated that 
the fibres became thinner. This could be attributed to the increased charge density 
carried by the jet when the PAH concentration was increased, thereby leading to an 
increase in the stretching and thinning out of the jet and ultimately the fibres (Lin et 
al., 2004; Patanaik et al. 2008; Supaphol et al., 2005; Jacobs et al., 2011
d
). 
 
Figure 4.16. Contour plots illustrating the PAH concentration and tip-to-collector 
distance interaction effect on nanofibre diameters, for a voltage of 9 kV. 
 
Also, the Coulombic repulsion force increased with an increase in PAH concentration 
and also causing the fibres to become progressively thinner. The fibre diameters at the 
-1 (14), 0 (15.5) and +1 (17) levels of tip-to-collector distance were 185 nm, 169 nm 
and 151 nm, respectively as shown in Figure 4.16. With the increase in the levels of 
the tip-to-collector distance from the -1 to 0, there was a 9% decrease in fibre 
diameter. A further increase in the tip-to-collector distance from the 0 to +1 level 
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resulted in an 11% decrease in fibre diameter. Overall, with an increase in the tip-to-
collector distance levels from -1 to +1, there is an 18% decrease in fibre diameter. 
This may be attributed to enough time available for solvent evaporation as the tip-to-
collector distance increased, which also facilitated the multiple splitting of the 
charged fluids, thereby resulting in thinner fibres (Yuan et al., 2004; Li et al., 2006). 
Also, the movement of the jet is a free fall under gravity, which could also assist in 
multiple splitting. 
 
Considering the other two applied voltage levels, 11 kV and 13 kV the contour plots 
of the PAH concentration and tip-to-collector distance interaction effect on fibre 
diameters, are shown in Figures 4.17 and 4.18, of respectively. These plots show 
similar trends to those observed previously, i.e. an increase in PAH concentration 
levels decreased the fibre diameter, just as an increase in the tip-to-collector distance 
levels also decreased the fibre diameter. Although the decrease in fibre diameter is 
slightly less than that in the first case, as shown in Figure 4.16, the trend was quite 
similar. All these plots show the importance and dominance of the PAH concentration 
and tip-to-collector distance interaction effects on fibre diameter, irrespective of the 
applied voltage. 
 
The combination of a +1 level of PAH concentration (3% wt/wt), +1 level of tip-to-
collector distance (17 cm) and -1 level of applied voltage (9 kV) produced uniform 
nanofibres, with the lowest diameter of 112 nm.  
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Figure 4.17. Contour plots illustrating the PAH concentration and tip-to-collector 
distance interaction effect on the nanofibre diameter for a voltage of 11kV. 
 
 
Figure 4.18 Contour plots illustrating the PAH concentration and tip-to-collector 
distance interaction effect on the nanofibre diameters for variable voltage, 13 kV. 
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The optimised region for the above selected parameters occurred just below this 
region. Nevertheless, the selected level of the parameters showed the direction in 
which the parameters need to be selected for process optimisation and obtaining 
uniform nanofibres with low diameters. It also confirms that in a multiple variable 
process like electrospinning, the interaction between the different parameters played a 
significant role, in obtaining uniform nanofibres rather than one particular parameter. 
 
4.3.1.2 Response Surfaces of Diameter as a Function of Tip-to-collector distances 
and Applied Voltages for Different PAH Concentrations 
  
In the second case, the interaction effect of levels of tip-to-collector distance and 
applied voltage on fibre diameter for different values of PAH concentration, are 
shown in Figures 4.19 and 4.20. These parameters were chosen as they gave the 
second most significant effect of all the selected parameters, as shown in Table 4.3. 
Also, the coefficient of interaction between the tip-to-collector distance and applied 
voltage was comparable to that of the applied voltage alone as shown in Table 4.3. 
The PAH concentration was at the -1 level (2% wt/wt) and the 0 level (2.5% wt/wt). 
The response surface equation for the average fibre diameter for the -1 level of the 
applied voltage (9 KV) is given by substituting x3= -1 in Equation 4.5. Similarly, the 
other two equations were obtained by substituting x3 = 0 and x3 = 1 in Equation 4.5. 
The resultant equations are: 
 
For x3 = -1, 2121 250.125.12625.25159 xxxxy             (4.9) 
For x3 = 0, 2121 250.125.12125.11159 xxxxy            (4.10) 
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For x3 = +1, 2121 250.125.12375.3159 xxxxy            (4.11) 
The tip-to-collector distance and applied voltage interaction effect on fibre diameter 
for a PAH concentrations of 2% (wt/wt) is shown in Figure 4.19. The fibre diameters 
at -1 (14), 0 (15.5) and +1 (17) levels of tip-to-collector distance were 183 nm, 146 
nm and 115 nm, respectively. With an increase in the tip-to-collector distance levels 
from -1 (14) to 0 (15.5), there was a 20% decrease in fibre diameter and from 0 (15.5) 
to +1 (17) level, there was a 21% decrease in fibre diameter. Overall, with an increase 
in the tip-to-collector distance from -1 to +1 level, there was a 37% decrease in fibre 
diameter. 
 
 
Figure 4.19. Contour plots illustrating the tip-to-collector distance and applied voltage 
interaction effect on nanofibre diameter for a PAH concentration of 2 % wt/wt. 
 
With an increase in the applied voltage levels from -1 (9) to +1 (13), there was a 
slight increase in fibre diameter as shown in Figure 4.19. This may be due to the 
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increased mass flow coming out of the nozzle, which provided fibres with higher 
diameters.  
Considering the other PAH concentration of 2.5% wt/wt (Figure 4.20), the contour 
plots of the tip-to-collector distance and applied voltage interaction effects on fibre 
diameters showed similar trends to those obtained for 2% wt/wt PAH (Figure 4.19). 
These plots show the importance and dominance of the tip-to-collector distance and 
applied voltage interaction effect on fibre diameter, irrespective of PAH 
concentration.  
 
 
Figure 4.20. Contour plots illustrating the tip-to-collector distance and applied voltage 
interaction effect on nanofibre diameters for a PAH concentration of 2.5 % wt/wt. 
 
The combined influence of tip-to-collector distance, applied voltage and PAH 
concentration on fibre diameter showed that a +1 level of tip-to-collector distance (17 
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cm), a -1 level of applied voltage (9 kV) and a -1 level of PAH concentration (2% 
wt/wt), produced uniform nanofibres with the least diameter of 115 nm.  
 
4.3.1.3 Response Surfaces of Fibre Diameter as a Function of Applied Voltage 
and PAH Concentrations for Different Values of Tip-to-collector distances 
The last case scenario considers the interaction effect of the levels of applied voltage 
and PAH concentration on fibre diameter for the different values of tip-to-collector 
distance as shown in Figure 4.21. According to the regression analysis, there was no 
significant interaction between the applied voltage and PAH concentration, as shown 
in Table 4.3.  
 
For a complete response surface design, the above effect needs to be studied further. 
The interaction effect of the levels of applied voltage and PAH concentration on fibre 
diameter for a tip-to-collector distance of 14 cm (-1 level) is shown in Figure 4.21.  
 
For x1 = -1, 32 5.1425.0125.170 xxy             (4.12) 
For x1 = 0, 25.12159 xy               (4.13) 
For x1 = =1, 32 5.1475.24875.147 xxy             (4.14) 
 
With an increase in the applied voltage level from -1 (9) to +1 (13), there was no 
change in the  fibre diameter, whereas an increase in PAH concentration level from -1 
(2) to +1 (3), a noticeable decrease in fibre diameter occurred, as shown in Figure 
4.21(a). 
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(a) 
 
(b) 
Figure. 4.21. Contour plots of the interaction effect of the levels of applied voltage 
and PAH concentration on nanofibre diameters for variable tip-to-collector distances: 
(a) 14 cm, (b) 17 cm. 
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Considering the other tip-to-collector distance of 17 cm (+1 level), the contour plots 
illustrating the applied voltage and PAH concentration interaction effect on fibre 
diameter showed a completely different trend (Figure 4.21(b)). With an increase in the 
applied voltage and PAH concentration levels from -1 to +1, there was an increase in 
the fibre diameter. The reason for such discrepancy in a particular response surface set 
is due to the lack of significance in the interaction between the variables in reality. 
These types of responses were not observed for any of the previous response surface 
sets, where significant interactions between the variables were observed, as shown in 
Table 4.3. These plots (Figures 4.21(a) and 4.21(b)), show that if there is no apparent 
interaction between the selected set of variables, contradictory results are obtained. 
This type of contradictory observation is generally found in electrospinning process 
with a number of variables, as reported in literatures (Beachley et al., 2009; Casper et 
al., 2004; Deitzel et al., 2001). In such a case and as shown in Figure 4.21, it is very 
difficult to make any meaningful optimisation judgment. It again confirms the 
necessity to take interaction effects into account rather than considering single 
parameter individually. This study opens up a new possibility for exercising precise 
control over fibre by means of selected process and solution parameters. 
 
4.4 Effect of Collector Design 
 
Advances in electrospinning technology have made it possible to produce fibrous 
structures with controlled alignment. Two methods are available to achieve this: 
firstly, by controlling the flight of the electrospinning jet through the manipulation of 
the electric fields; and secondly, by using a dynamic collection device, e.g., parallel 
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electrodes and a fast rotating mandrel (Teo et al., 2006). Nevertheless, the materials 
collected by either of these methods can only reach a thickness of a few fibre layers. 
With increasing thickness, the fibres become disordered, because of the residual 
charge accumulation on the deposited fibres, which interferes with the alignment of 
incoming fibres (Teo at el., 2006). 
 
For fibre formation, the electrospinning process utilizes the electrical field strength, 
with the field having a path originating from the positive pole and culminating at the 
negative pole (Feynman et al., 1964). The electrified solution jet follows the electrical 
field path and the resultant nanofibres are bound to be affected by the design of the 
collector.  
 
A previous study indicated that, for the regeneration of highly organized structures, 
such as tendons and ligaments, only aligned fibrous scaffolds can provide adequate 
topographic guidance to cells (Beachley et al., 2009). In this study, two types of 
aligned poly (lactide-co-glycolide) (PLGA) scaffolds were successfully produced 
when the electrospun fibres were first deposited into a water bath and then drawn onto 
a rotating mandrel in a controlled manner. In this way, parallel and cross-aligned 
fibrous (PLGA) scaffolds were fabricated, which were subsequently used to study 
their effect on the growth behaviour of periodontal ligament (PDL) cells in rats.  
 
This section deals with the effect of collector designs on the structural morphology of 
electrospun PEO nanofibres. The collector designs utilised were in the form of 
parallel, segmented, circular and flat collectors as shown in Figure 4.22. Various 
morphological structures of the nanofibres were obtained for the different collector 
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designs. The resultant nanofibres appeared to adopt the shape of the collector at which 
the electric field was directed. The subsequent sections discuss further, how each of 
these collectors affects the fibre formation during the electrospinning process.  
 
 During electrospinning, when two parallel conducting materials with a gap in 
between, were used as nanofibre collectors, the electric field lines in the vicinity of 
the parallel collector were split into two fractions pointing towards the edges of the 
gap of the electrode. As a result, the nanofibres aligned themselves in the gap between 
the conducting collectors as shown in Figure 4.22(a). Collection of electrospun 
nanofibres across two parallel plates is a technique useful for creating nanofibre 
structures because it allows for the collection of linearly oriented individual nanofibre 
arrays and these arrays can easily be transferred to other substrates or structures. In 
addition, this allows the principal axis of the fibres in the parallel collector to be 
oriented in a single direction. 
 
More complicated structural morphologies of the electrospun nanofibres were also 
produced by using segmented-shaped and circular-shaped collectors as shown in 
Figures 4.22(b) and 4.22(c). However, no significant differences were observed 
between the segmented and circular-shaped collectors in terms of the alignment of the 
nanofibres. The structural morphology of the electrospun nanofibres followed a cross 
sectional feature in segmented conducting collector, while amorphous shape was  
adopted in a circular conducting collector. This may be due to the electric field 
strength which is governed by the area of electrodes, which tends to control the 
direction and flow of the electrified polymer jet. 
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Figure 4.22: Diagrams showing the various patterns of conducting collectors (left) 
with the corresponding SEM micrographs (right) of the 5% w/v PEO solution 
electrospun nanofibres at 15cm tip-to-collector distance and 15kV applied voltage 
(1.15kV/cm). (a) Parallel conducting collector; (b) Segmented conducting collector 
(c) Circular conducting collector and (d) Flat conducting collector. 
 
Randomly distributed nanofibres were observed on the flat collector. No particular 
fibre orientation was present, as the nanofibres in the web were crossing over each 
other in a random pattern, as shown in Figure 4.22(c). 
 
This may be attributed to a lack in electric field strength in a particular direction and 
also to the attraction of electrically charged fibres by the fibres on top of the collector. 
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It is evident that there was directional guidance for parallel, segmented and circular 
collectors, but not for the flat surface collector, where the fibre orientation was 
random. 
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CHAPTER 5 
 
ELECTROSPINNING OF CHITOSAN AND CHITOSAN-
SILVER NANOFIBRES 
 
This chapter deals with the electrospinning of chitosan and chitosan-silver nanofibres 
and specifically with the optimization of solution properties and process parameters 
using statistical modelling. The parameters studied were electric field strength, ratio 
of solvents - Trifuoroacetic acid-Dichlormethane (TFA/DCM) and concentration of 
chitosan. In addition, the antimicrobial properties of the fibres against Staphylococcus 
aureus, Escherichia coli and Candida albicans were investigated. Silver nanoparticles 
were also incorporated into the chitosan solutions prior to electrospinning in order to 
achieve reasonable dispersion. The two types of nanofibres, namely chitosan and 
chitosan-silver were then compared in terms of structural morphology, fibre diameter, 
physical distribution of silver nanoparticles and most importantly, their anti-microbial 
efficacy. 
 
Electrospinning of pure chitosan from weak acidic solutions, commonly used for 
dissolving chitosan, was found to be a real challenge in this study, as also previously 
(Ohkawa et al., 2004). It was found that electrospinning of chitosan in weak acidified 
aqueous solutions was not possible, without forming beads in the fibres or causing 
electrospraying. A similar study suggests that for this reason, a strong acid, with a low 
boiling point and high dielectric constant, namely i.e. Trifluoroacetic acid (TFA), was 
utilized (Ohkawa et al., 2004). Nevertheless, although this system overcame the 
electrospraying problem, it still produced beads and droplets due to the high repulsive 
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interaction between the poly-cations along the chitosan chains which prevented the 
formation of sufficient chain entanglements required for proper fibre formation. In 
this context, probably the best solvent system ever reported in literature for 
electrospinning chitosan solutions consists of Trifuoroacetic acid-Dichlormethane 
(TFA-DCM) (Kumar, 2000; Sangsanoh et al. 2006). This system is the one employed 
in the present study. 
 
The important property of chitosan is its positive charge in acidic solution. This is due 
to the presence of primary amines on the molecule that bind protons, as shown in 
Scheme 5.1: 
 
 
Scheme 5.1. Schematic diagram showing the reaction of chitosan in acidic medium 
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Chitosan solubilises when more than 50 per cent of the amino groups are protonated, 
hence its solubility decreases sharply as the solution pH rises above 6.5 (Vårum et al., 
1994). 
 
5.1 Optimising the Electrospinning of Chitosan 
 Nanofibres 
 
5.1.1 Morphology of Nanofibres and Response Surface Function 
 
Using multiple regression analysis, as reported in the previous chapter, the 
coefficients of the parameters (electric field strength, ratio of solvents - TFA/DCM 
and concentration of chitosan), significance probability (P-value) and correlation 
coefficients were obtained, as shown in Table 5.1.  
 
Table 5.1. Analysis of variance for three variables (electric field strength, 
concentration of chitosan, ratio of solvents - TFA/DCM), significance probability 
(P-value) and correlation coefficient  
Term Coefficient P-value* 
Constant C0 = 198.00 0.000 
Electric field strength: x1 C1 = -9.75 0.028 
Concentration of chitosan: x2 C2 = 13.63 0.005 
Electric field strength × 
Concentration of chitosan: x1.x2 
C12 = 14.00 0.026 
Ratio of solvents - TFA/DCM × 
Electric field strength: x3.x1 
C31 = 14.50 0.026 
*R
2
= 0.769 
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The 95% confidence level and P-value were used to measure statistical significance. 
If the value is below 0.05, the variable has a significant effect on the average fibre 
diameter and vice versa.  
 
The interaction between electric field strength and concentration of chitosan, with a P-
value of 0.026, as well as that between the ratio of solvents - TFA/DCM and electric 
field strength, with a P-value of 0.026 have the most significant effects, followed by 
the concentration of chitosan, with a P-value of 0.005 and lastly by the electric field 
strength with a P-value of 0.028, as shown in Table 5.1. In the light of these results, 
response surface plots can be used to further determine the coefficients that play a 
dominant role, as discussed below. The response surface equation, Equation 5.1, 
reflects the relationship between the dependent variable (fibre diameter) and 
independent variables (process and solution parameters).  
 
1331211222110 xxCxxCxCxCCy                            (5.1) 
 
From this equation, the coefficients are calculated after performing a series of 
regression calculations, leading to the following equation: 
 
132121 5.1414625.13750.98.198 xxxxxxy                           (5.2) 
 
Where y is the average fibre diameter and x1, x2 and x3 are the coded values of electric 
field strength, concentration of chitosan and ratio of solvents, respectively. The co-
efficient of determination (R
2
) between the experimental and calculated values 
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obtained from the response surface equation is 0.769 which indicates a good 
correlation between the process and solution parameters for obtaining uniform fibre 
diameter. The average fibre diameter of the nanofibres obtained from the 15 
experimental combination runs is given in Figure 5.1.  
 
 
Figure 5.1. Experimental combination runs and average fibre diameter of electrospun 
chitosan nanofibres. 
 
The response surfaces for fibre diameter, as a function of the selected processing 
parameters are discussed along with the structural morphology of the nanofibres. 
Figure 5.2 contains some randomly selected SEM images, showing the morphology of 
the electrospun chitosan nanofibres. 
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For obtaining uniform fibre diameters, three different cases, have been selected on the 
basis of the statistical significance and dominance of the parameters 
 
 
Figure 5.2. SEM images showing the morphology of electrospun chitosan nanofibres 
for experimental numbers: (a) 9 (b) 15 (c) 1 (d) 6 (Table 3.5). 
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5.1.2 Response Surface Plots of Fibre Diameter as a Function of 
 Electric Field Strength and TFA/DCM Ratio for Different 
 Concentrations of Chitosan  
 
The interaction effect of electric field strength and ratio of solvents on fibre diameters 
at a -1 level (5% wt/v) concentration of chitosan is shown in Figure 5.3. The 
concentration levels of chitosan studied were -1 (5% wt/v), 0 (5.5% wt/v) and +1 (6% 
wt/v), respectively. The average fibre diameters at -1 (0.65), 0 (0.70) and +1 (0.75) 
levels of electric field strength were 223 nm, 210 nm and 195 nm, respectively. With 
an increase in electric field strength level from -1 (0.65) to 0 (0.70), there was a 6% 
decrease in the average fibre diameter, while a further increase from 0 (0.70) to +1 
(0.75), resulted in 7% decrease in average fibre diameter.  
 
 
Figure 5.3. Contour plots of the interaction betweeen the electric field strength and 
ratio of solvents on nanofibre diameters, for -1 level (5% wt/v) concetration of 
chitosan. 
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Overall, with an increase in electric field strength level from -1 (0.65) to +1 (0.75), 
the average fibre diameter decreased by 13%, from 223nm to 195nm. This is 
attributed to the increased stretching of the jet resulting from the increased electric 
field strength, thereby leading to the formation of finer fibres (Demir et al. 2002, 
Reneker et al., 1996 Patnaik et al., 2008). The response surface equation (Equation 
5.3) for average fibre diameter for the chitosan concentration of -1 level (5% wt/v) is 
given by substituting x2= -1 in Equation 5.2. Similarly, Equations 5.4 and 5.5 were 
obtained by substituting x2 = 0 and x2 = 1 in Equation 5.2 
 
For x2 = -1, 131 5.1475.23175.185 xxxy                (5.3) 
For x2 = 0, 131 5.1475.98.198 xxxy                (5.4) 
For x2 = 1, 131 5.1425.4425.212 xxxy                (5.5) 
 
Also, the average fibre diameters at solvent ratio levels of -1 (70/30), 0 (75/25) and +1 
(80/20) were 223 nm, 185 nm and 150 nm, respectively, as shown in Figure 5.3. For 
an increase in the solvent ratio levels from -1 (70/30) to 0 (75/25), there is 17% 
decrease in average fibre diameter and a further increase in level from 0 (75/25) to +1 
level (80/20), decreased the average fibre diameter further by 19%. 
  
Overall, an increase in the solvent ratio levels from -1 (70/30) to +1 (80/20), 
decreased the average fibre diameter by about 33%. This may be due to the mixture of 
solvents used, which is reportedly the best for electrospinning chitosan (Torres-Giner 
et al., 2008). Due to the dielectric constant and boiling point of DCM being a lot 
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lower than those of water, its presence in the solvent system increased the rate of 
evaporation of the solvent, which reduced the very strong charge density contributed 
by TFA, thus resulting in ultrafine fibres. The combined influence of electric field 
strength, ratio of solvents and concentration of chitosan on the fibre diameter showed 
that the +1 level of electric field strength (0.75kV/cm), +1 level of solvent ratio 
(80/20% v/v) and -1 level of chitosan concentration (5% wt/v) provided the most 
uniform nanofibres. The optimized region for the above selected parameters was just 
below this region. 
 
5.1.3 Response Surface Plots of Fibre Diameter as a Function of 
 Electric Field Strength and Chitosan Concentration for 
 Different Solvent Ratios 
 
The interaction effect of electric field strength and chitosan concentration levels for 
different solvent ratios is shown in Figure 5.4. The solvents ratio levels studied were -
1 (70/30% v/v), 0 (75/25% v/v) and +1 (80/20% v/v). The average fibre diameter at 
the -1 (0.65kV/cm), 0 (0.70kV/cm) and +1 (0.75kV/cm) levels of electric field 
strength were 220 nm, 184 nm and 151 nm respectively, for a solvent ratio of -1 level 
(70/30% v/v) as shown in Figure 5.4(a).  
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Figure 5.4. Contour plots illustrating the interaction effect between electric field 
strength and chitosan concentration on nanofibre diameter at two TFA/DCM; solvent 
ratio levels , (a) -1 (70/30% v/v) and (b) 0 (75/25% v/v).  
 
An increase in electric field strength levels from -1 (0.65kV/cm) to 0 (0.70kV/cm), 
decreased the fibre diameter by about 16%. A further increase in electric field strength 
level from 0 (0.70kV/cm) to +1 (0.75kV/cm), decreased the fibre diameter further by 
approximately 18%.  
 
Overall, an increase in electric field strength levels from -1 (0.65) to +1 (0.75), 
decreased the fibre diameter by about 31%. This behavior may be due to the increased 
charge density carried by the jet with the increasing electric field strength, thus 
leading to higher stretching and elongation of the jet and ultimately providing thinner 
fibres. 
 
The average fibre diameter response surface equation (Equation 5.6) for the -1 level 
(70/30% v/v) solvents ratio is obtained by substituting x3= -1 in Equation 5.2. 
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Similarly, Equations 5.7 and 5.8 were obtained by substituting x3 = 0 and x3 = 1 in 
Equation 5.2, respectively.  
 
Thus: 
For x3 = -1, 2121 14625.13250.248.198 xxxxy              (5.6) 
For x3 = 0, 2121 14625.1375.98.198 xxxxy               (5.7) 
For x3 = 1, 2121 14625.1375.48.198 xxxxy               (5.8) 
 
With an increase in chitosan concentration levels from -1 (5% wt/v) to +1 (5.5% 
wt/v), no change in fibre diameter was observed, as shown in Figure 5.4(a). This 
could be due to the combined influence of the other two parameters, namely: electric 
field strength and ratio of solvents. 
 
Similar trends were observed at another solvent ratio level of 0 (75/25% wt/v), as 
shown in Figure 5.4(b), with the interaction effect of levels of electric field strength 
and concentration of chitosan for different values of ratio of solvents - TFA/DCM at -
1 level (70/30% v/v), 0 level (75/25% v/v) and +1 level (80/20% v/v), respectively. 
The average fibre diameters at electric field strength levels of -1  (0.65kV/cm), 0 
(0.70 kV/cm) and +1 (0.75kV/cm) were 210 nm, 185 nm and 163 nm, respectively.  
 
An increase in electric field strength level from -1 (0.65kV/cm) to 0 (0.70 kV/cm), 
decreased the average fibre diameter by about 12%. A further increase in electric field 
strength level from 0 (0.70 kV/cm) to +1 (0.75kV/cm), decreased the average fibre 
diameter further by 12%. Overall, an increase in electric field strength levels from -1 
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(0.65kV/cm) to +1 (0.75kV/cm), decreased the average fibre diameter by about 22%, 
which are consistent with the results shown in Figure 5.3, as discussed above. The 
results obtained can be explained in terms of the Coulombic repulsive forces in the jet 
which are responsible for stretching the viscoelastic solution. An increase in the 
electric field strength increases the charge density, causing the jet to elongate and 
accelarate faster and thereby resulting in further stretching and the production of 
thinner fibres. Once again, increasing in chitosan concentration level from -1 (5% 
wt/v) to +1 (6% wt/v),  produced no change in fibre diameter, as shown in Figure 
5.4(b). This is probably the result of the combined influence of the other factors, such 
as: electric field strength and ratio of solvents. 
 
5.1.4 Response Surface Plots of Fibre Diameter as a Function of 
 Chitosan Concentration and Solvent Ratio – for Different  
 Electric Field Strengths  
 
The interaction effect of chitosan concentration and solvent ratio on fibre diameter is 
shown in Figure 5.5 for different electric field strengths. The electric field strength 
levels were -1 (0.65 kV/cm), 0 (0.70 kV/cm.) and +1 (0.75 kV/cm). According to the 
regression analysis, the interaction between chitosan concentration and solvent ratio 
was not significant as shown in Table 5.1 and illustrated for an electric field strength 
level of -1 (0.65kV/cm) in Figure 5.5(a). An increase in chitosan concentration level 
from -1 (5% wt/v) to +1 (6% wt/v) did not change the average fibre diameter. 
Increasing the chitosan concentration and solvent ratio levels from -1 (70/30% v/v) to 
+1 level (80/20% v/v), decreased the fibre diameter. In Figure 5.5(b), the contour 
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plots illustrating the chitosan concentration and solvent ratio interaction effect on 
fibre diameters show a completely different trend. The average fibre diameter 
response surface equation (Equation 5.9) for an electric field strength level of -1 
(0.65kV/cm) is obtained by substituting x1= -1 in Equation 5.2. Similarly, Equations 
5.10 and 5.11 are obtained by substituting x1 = 0 and x1 = 1 in Equation 5.2, 
respectively.  
 
For x1 = -1, 32 5.14375.055.208 xxy              (5.9)          
For x1 = 0, 2625.138.198 xy                (5.10)        
For x1 = 1, 32 5.14625.2705.189 xxy                         (5.11)    
         
 
Figure 5.5. Contour plots illustrating the interaction effect between solvent ratio and 
chitosan concentration on diameters of nanofibres for two electric field strength 
levels, (a) -1 level (0.65) (b) +1 level (075). 
 
An increase in chitosan concentration and the solvent ratio levels from -1 (70/30% 
v/v) to +1 (80/20% v/v), increased the average fibre diameter, as shown in Figure 
- 144 - 
 
5.5(b). There was no significant interaction between the variables involved (Table 
5.1). This is different to what was observed in the previous scenario (Figure 5.3), 
where significant interactions between the variables were evident (Table 5.1).  
 
Figures 5.5(a) and 5.5(b) show contrasting trends, as there were no interactions 
between the selected set of variables. Contradictory trends have previously been 
reported for the electrospinning process (Torres-Greiner et al., 2008; Demir et al., 
2002). It is therefore clear, from the foregoing discussion, that it is crucial to optimize 
the electrospinning process by simultaneously studying the interaction effects of 
various variables, rather than by studying the effects of individual parameters on their 
own. 
 
5.2 Morphology of Electrospun Chitosan and Chitosan-
 Silver Nanofibres 
   
As already pointed out, the surface tension of the solution and electrical conductivity 
are important parameters in electrospinning. To successfully produce nanofibres by 
electrospinning, the appropriate parameters and levels are required. Table 5.2 shows 
the effect of silver nanoparticle concentration on the surface tension and conductivity 
of the solution. The results indicate that the surface tension and conductivity of the 
solution increases with increasing silver nanoparticle concentration, which suggests 
that the silver nanoparticles were homogeneously distributed in all the sample 
solutions.  
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Table 5.2: Surface tension and conductivity of chitosan and chitosan-silver 
polymer solutions 
Silver Content (w/w %) Surface Tension (mN/m) Conductivity (mS/cm) 
0 17.8 ± 0.1 96 ± 0.2 
2 17.9 ± 00 156 ± 0.1 
5 18.2 ±0.1 168 ± 0.1 
7.5 18.5 ± 0.1 240 ± 0.1 
10 19.0 ± 0.1 256 ± 0.2 
 
As can be seen from Table 5.2, the surface tension ranged from 17.8 - 19 m.N/m and 
conductivity from 96 – 256 mS/cm, while the concentration of silver increased from 0 
to 10 wt%. The increase in the surface tension of the chitosan solution due to the 
presence of the silver nanoparticles can be ascribed to the high polarity of the silver 
nanoparticles. A similar trend was observed in the conductivity of the chitosan 
solution where its conductivity increased with an increase in silver content.  
 
The average diameter of the nanofibres decreased from 159.1 nm for the chitosan 
solution without silver particles to 126.2 nm for the chitosan solution containing 10% 
silver particles (Figure 5.6). The corresponding values for the minimum and 
maximum diameters were from 152.1 to 119.5 and from 164.3 to 132.1 nm, 
respectively. The average diameter of 159.1 nm for the chitosan nanofibres was 
greater than that of the corresponding chitosan-silver nanofibres of 148.5 nm, 143.7 
nm, 136.8 nm and 126.2 nm, for 2.5%, 5%, 7% and 10% wt/wt levels of silver 
nanoparticles, respectively. The reduction in fibre diameter observed was a 
consequence of the increased solution conductivity which increased the stretching of 
the jet, thereby resulting in a reduction in fibre diameter. It is interesting to note that 
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the diameter of the nanofibres produced from the chitosan solution containing 10% 
wt/wt silver nanoparticles was the lowest. Generally, the diameter of electrospun 
fibres can be controlled by several factors: such as voltage, temperature, humidity, 
viscosity and the conductivity of polymeric solution. In the present case, the surface 
tension of the polymeric solution could be the main factor influencing the final fibre 
diameter, which indicated that a higher surface tension might lead to a reduction in 
fibre diameter. The presence of metallic nanoparticles might also play a role in 
reducing the fibre diameter due to the associated changes in the solution conductivity 
and the presence of an electric network in the chitosan webs. Furthermore, the 
addition of silver nanoparticles results in a higher charge density on the surface of the 
ejected jet during spinning and more electric charges being carried by the 
electrospinning jet. As the charge carried by the jet increases, higher elongation forces 
are imposed on the jet under a certain applied electrical field. 
   
 
Figure 5.6. Fibre diameters of electrospun chitosan nanofibres at different silver 
nanoparticle contents. 
- 147 - 
 
It is known that the overall tension in the fibres depends on the self-repulsion of the 
excess charges on the jet. Thus, as the charge density increases, the stretching of the 
jet increases and as a result, the diameters of the final fibres also decrease. Therefore, 
the average diameter of chitosan nanofibres is influenced by the amount of silver 
nanoparticles in the polymer solution. 
 
Figure 5.7 shows the SEM images of some chitosan and chitosan-silver nanofibres. 
Figure 5.7(a) shows that chitosan nanofibres without silver have a smooth surface and 
circular shape. Figure 5.7(b) shows that the addition of silver nanoparticles to the 
solution resulted in a distorted fibre morphology due to the silver nanoparticles 
randomly attaching to the fibre surface. This is due to the large atomic radius of the 
silver atom that prevents them from penetrating the chitosan structure to form a 
solution alloy. In addition, the silver particles are lighter and therefore tend to migrate 
outwards towards the surface of the jet and nanofibres during electrospinning and be 
distributed in the form of separated nanoparticles, as shown in Figure 5.7(b). 
 
 
Figure 5.7. SEM images of electrospun a) chitosan and b) chitosan-silver nanofibres 
showing silver nanoparticles (SNP) on the nanofibre surface. 
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In this study, the AFM was used to study the differences in the structural 
morphologies of the chitosan (Figure 5.8(a)) and chitosan–silver nanoparticles (Figure 
5.8(b)) nanofibres.  
 
 
Figure 5.8. Representative AFM topographies of 5% wt/v chitosan nanofibres (a) 
without silver nanoparticles and (b) with 7.5% wt/wt silver nanoparticles, (electrospun 
at 0.8 kV/cm). 
 
The rough surface of the chitosan-silver nanofibres can be attributed to the silver 
nanoparticles that were incorporated into the polymer solution during the 
electrospinning process, as already discussed. The topographical AFM images in 
Figure 5.8(b) clearly show deep craters in the chitosan-silver nanofibre structure 
resulting from the silver nanoparticles membrane. The surfaces of the chitosan and 
chitosan-silver nanofibres were also investigated by SEM, together with the elemental 
silver distribution in the chitosan-silver nanofibres as shown in Figure 5.9, the results 
were also confirmed by Energy Dispersive X-Ray (EDX) analysis.  
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Figure 5.9. (a) SEM micrograph image and (b) EDX spectrum of 5 % wt/v 
electrospun chitosan nanofibres. 
 
The latter confirms the absence of the silver nanoparticles in the structural 
morphology of the chitosan nanofibres and also corresponds with the smooth surface 
of the chitosan nanofibres in the AFM image in Figure 5.8(a).  
 
The structural morphology of the chitosan-silver nanofibres is shown in Figure 5. 
10(a) and their silver distribution in Figure 5.10 (b). To confirm the existence of 
nanoparticles in the electrospun nanofibres, EDX spectrum was acquired and is shown 
in Figure 5.10 (e). The SEM image in Figure 5.10 (a) for the nanofibres containing 
2% wt/wt silver nanoparticles shows that the nanofibres have a morphology similar to 
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that of the silver-free nanofibres. This is due to the low amount of silver nanoparticles 
in the chitosan solution not being sufficient to cause a distortion in the structural 
morphology of the nanofibres. The SEM images of electrospun chitosan nanofibres 
containing 5% wt/wt, 7.5% wt/wt and 10% wt/wt silver nanoparticles, in Figure 
5.10(b), (c) and (d), respectively, show that a concentration of silver nanoparticles 
increased, asthe distribution of silver nanoparticles in some areas becomes more 
evident.  
 
The EDX spectrum of the electrospun nanofibres (Figure 5.10(e)) shows the nanofibre 
composition, including silver nanoparticles. Although not shown in Figure 5.10, the 
EDX spectra of the chitosan nanofibres containing 2% wt/wt, 5% wt/wt and 10% 
wt/wt silver nanoparticles also confirm the presence of silver in the fibres. 
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Figure 5.10. SEM images of 5 % wt/v chitosan electrospun nanofibres, with: (a) 2% 
wt/wt, (b) 5% wt/wt, (c) 7.5% wt/wt (d) 10 % wt/wt silver nanoparticles and (e) EDX 
spectrum of chitosan-silver nanofibres containing 7.5 % wt/wt silver nanoparticles. 
 
Thus, including the silver nanoparticles in chitosan solution before electrospinning 
provided an easy and effective method to produce silver nanoparticle-based chitosan 
nanofibres. 
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5.3 Studies on Biocidal Properties 
 
5.3.1 The Influence of Silver on the Antimicrobial Activity of 
 Chitosan Nanofibres 
 
In this section, the antimicrobial properties of electrospun nanofibres produced from 
chitosan, chitosan-silver solutions and silver nanoparticles are studied. Positive 
control samples, containing known antimicrobial chemicals, namely; Vancomycin 
(for S. aureus), Gentamycin (for E. coli) and Nystatin (for C. Albicans), were used to 
assess the antimicrobial activities of the nanofibres, using the agar disk diffusion 
method for studies on chitosan and chitosan-silver electrospun nanofibres with S. 
aureus, E. coli and C. Albicans bacteria. Minimum inhibitory concentrations of 
nanofibres were determined by the INT (p-iodonitrotetrazolium) assay.  The contact 
time needed for nanofibres to effectively inhibit 10
6
 cells/ml concentration of culture 
was determined.  
 
Negative control samples, comprising substrates of electrospun nanofibres were 
evaluated for antimicrobial activities to ascertain their effectiveness in comparison in 
order to the positive control samples.  
 
5.3.2 Agar Disk Diffusion 
 
It is a well known fact that when a critical amount of an antimicrobial compound, 
which is capable of inhibiting microbial growth, is in contact with bacterial strains, a 
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clear zone near that contact is formed, this being referred to as the zone of inhibition. 
The formation of such a zone around the nanofibre disks would be an indicator of the 
inhibition of bacterial colonies near the vicinity of nanofibre disk edges. Figure 
5.11(a) shows an agar diffusion disk with a culture control containing no 
antimicrobial agent. The chitosan (0 % wt/wt of silver) nanofibres dissolved upon 
contact with the agar surface and showed irregular clear zone of inhibition as 
illustrated on the right side of Figure 5.11(b). In this case, the chitosan was used 
without the support of a substrate, and the observed behaviour could be due to the 
delicate and fragile nature of the chitosan nanofibres and their associated 
susceptibility to shape distortion. A positive control sample of Vancomycin is shown 
and indicated by an arrow in Figure 5.11(b). Inhibition against S. aureus indicates 
nanofibre disks with electrospun nanofibres containing 7.5% wt/wt silver 
nanoparticles (Figure 5.11(c)).  
 
 
Figure 5.11. Agar plates showing zones of inhibition after 24 hrs of incubation of S 
aureus a) culture control without antimicrobial agent b) chitosan and vancomycin 
(indicated by arrow) and c) chitosan containing 7.5% wt/wt silver nanoparticles. 
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None of the chitosan nanofibers containing 0%, 2%, 5%, 7.5% and 10% wt/wt silver 
nanoparticles) tested showed any antimicrobial activity against E. coli or C. albicans. 
 
Chitosan has polycations which interact with the negatively charged surface of the 
bacteria, which leads to a loss of membrane permeability, cell leakage, and ultimately 
cell death (Torres-Giner et al., 2008; Ignatova et al., 2006). Previous studies indicate 
that the antimicrobial activity of silver nanoparticles is related to the action of the ions 
released from them, although the precise mechanism of the toxicity of silver ions is 
still only partially solved (Morones et al., 2005). Some hypotheses suggest that the 
positive charges of the silver ions are crucial for their antimicrobial activity (Dibrov et 
al., 2002). A direct interaction of the silver nanoparticles with the bacterial cell 
membrane has been proposed as well (Sondi et al., 2004, Cristobal et al., 2009). This 
interaction was found to depend on the size and concentrations of nanoparticles and 
was closely associated with the formation of holes in the bacterial cell wall (Sondi et 
al., 2004, Morones et al., 2005). 
 
The possibility that the antimicrobial effect of silver nanoparticles is mediated by the 
generation of free radicals has been suggested (Kim et al 2007). Preliminary evidence 
from literature indicates that in the case of nanocomposites, the two components, 
namely: nanofibre and silver nanoparticles, might act synergistically (Sanpui et al., 
2008).  
 
According to the results obtained in the present study, none of the nanofibres tested 
showed antimicrobial activity against E. coli. This is possibly due to the fact that 
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Gram-positive bacteria are more sensitive than Gram-negative bacteria. The agar disk 
diffusion test conducted on pure silver nanoparticles showing no zone of inhibition. 
 
In the previous work, it was concluded that the zone of inhibition was only a 
qualitative measure and did not provide a means of assessing the quantities of cell 
bacteria that have been affected by the antimicrobial substance. Therefore, the 
measurement of the diameter of a zone of inhibition is not a satisfactory criterion for 
determining the antimicrobial effectiveness of the chitosan and silver-chitosan 
nanofibres. In view of this, the subsequent sections focus on methods for quantifying 
antimicrobial inhibition. 
 
5.3.3 Cell Adhesion on Electrospun Nanofibres 
 
Chitosan nanofibrous membrane was studied for bacterial cell adhesion. This was 
accomplished by filtering the bacterial culture through the nanofibrous membrane. 
The SEM micrographs (Figure 5.12) showed S.aureus bacteria attached to the 
chitosan nanofibres and also good cell adhesion to the electrospun nanofibres, which 
could be due to the large surface area available for cell attachment.  
 
Cell adhesion and spreading, as well as cell interaction with the nanofibrous 
membrane, are shown in Figure 5.13. The cells appeared to adhere well and exhibited 
a normal morphology on the surface of the electrospun nanofibres.   
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Ultrathin nanofibres are suitable for wound healing application. An ideal wound 
dressing should have characteristics, such as: barrier to bacteria, absorption of excess 
exudates (wound fluid) and haemostatic property. 
 
 
 
Figure 5.12. SEM image showing bacterial cells attached to electrospun chitosan 
nanofibres.  
 
From previous studies, it was observed that the large surface area of nanofibres, 
associated with their small diameters, enhanced properties, such as water vapour 
transmission rate, gaseous exchange, ability to conform to the contour of the wound 
area and functional adhesion, which are required in a wound healing material 
(Thomas, 1990).  
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5.2.4 Contact Time of Chitosan Nanofibres 
 
This section deals with the contact time needed for nanofibres to effectively inhibit 
10
6
 cells/ml concentration of bacterial culture. Figure 5.13 compares the average Log 
CFU/ml values obtained for chitosan and with those of a chitosan sample containing 
7.5% wt/wt silver nanoparticles. The starting concentration of the chitosan and 
chitosan-silver nanofibres was 10mg/ml, while the starting material for the silver 
nanoparticles being 100mg/ml and for the Vancomycin 0.3mg/ml.  
 
 
Figure 5.13. Comparison of average Log CFU/ml for; (A) positive control 
(Vancomycin), (B) chitosan nanofibres (C) chitosan-silver nanofibres, (D) silver 
nanoparticles and (E) negative control (S.aureus culture only). 
 
The results indicate that the time needed for the nanofiber sample to effectively 
inhibit 10
6
 cells/ml concentration of culture was 30 min for both chitosan (0 % wt/wt 
of silver) and chitosan with 7.5 % wt/wt silver nanoparticles., while that required for 
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silver nanoparticles was 60min. This may be possibly due to the synergistic effect of 
the chitosan and silver nanoparticles. Also, chitosan is known to have antimicrobial 
effect.  
 
5.2.5 Minimum Inhibitory Concentration of Chitosan and 
 Chitosan-silver Nanofibres 
 
Minimum inhibitory concentrations of chitosan and chitosan-silver nanofibres were 
further determined against S. aureus and E.coli bacteria. For comparison purposes, the 
positive control of 30µg/ml Vancomycin was tested against the S.aureus culture and 
that of 10µg/ml Gentamycin was tested against E.coli. The positive control had 10
6
 
colony forming units per ml (CFU/ml). Results have been expressed as the 
logarithmic (log) of CFU/ml for all the samples tested. Positive controls of 
Vancomycin and Gentamycin showed the expected results, with MIC values of 7.5 
µg/ml (99.81 % bacterial inhibition) and 5 µg/ml (98.98 % bacterial inhibition) 
respectively, as shown in Figure 5.14. The MIC values for the chitosan and chitosan-
silver nanofibres as well as for the silver nanoparticles are shown in Figure 5.15. 
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Figure 5.14. INT assay of (A) Vancomycin (30µg/ml) tested against S.aureus culture 
and (B) Gentamycin (10µg/ml) tested against E.coli. 
 
The chitosan, chitosan-silver nanofibres and the silver nanoparticles all showed 
inhibition of the S. aureus bacterial cells. The MIC values of chitosan nanofibres, 
chitosan-silver fibres and pure silver was 5 mg/ml (99.52% bacterial inhibition), 0.625 
mg/ml (99.95% bacterial inhibition) and 50 mg/ml (99.87% bacterial inhibition), 
respectively. 
 
The chitosan-silver nanofibres with 7.5% wt/wt silver nanoparticles showed a 
pronounced inhibition effect than either the chitosan nanofibres or silver 
nanoparticles; this being particularly evident for their bactericidal action, as evidenced 
by the MIC. The synergistic effect observed could be due to either a combination of 
the different mechanisms of action of the two components or to the change in the 
nanoparticle surface chemistry and consequently, their biological properties, when 
combined with silver nanoparticles. The latter mechanism appears more likely as (i) 
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attaching the nanoparticle surface to the chitosan leads to stabilization and decreased 
aggregation potential, which in turn increases the effective concentration of particles 
capable of interacting with the cellular surface and (ii) the positive charge conferred 
on the chitosan by the silver nanoparticles enhances their ability to bind to the 
negative charges present at the cell surface (Liau et al., 1997).  
 
Previous authors indicate that this might be the results of the inhibitory and 
bactericidal activity of silver, due to the adherence of silver nanoparticles to the 
microbial cell membrane where it interacts with thiol (sulfhydryl) group-containing 
proteins. Thiol group-containing amino acids, such as cysteine, neutralized the 
activity of the silver against bacteria, whereas the amino acids without thiol groups 
had no effect on the anti-microbial activity, implying an interaction of the silver with 
the thiol groups (Schreurs and Rosenberg, 1982). 
 
The nanoparticles penetrate the cell where they interact with the phosphorous-
containing DNA and attack thiol group compounds of respiratory chain enzymes, 
inhibiting respiration and cell division, finally leading to cell death (Klasen, 2000). 
Also, a similar behavior was observed in previous studies in which silver ions were 
believed to interact with ribosomes, inhibiting the expression of Adenine tri-
phosphate (ATP) producing enzymes, and also inhibiting respiration. Large 
concentrations of ionic silver catalyzed the complete destructive oxidation of 
microorganisms in an oxygen rich aqueous environment (Davies et al., 1997).  
 
In Figure 5.14, the pink/red colour indicates the presence of bacteria, while the clear 
to yellow colours indicate the absence of viable bacteria.  Well 1 for (a) and (b) 
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contained Vancomycin and Gentamycin controls, respectively, while  Well 2 column 
2 contained the starting concentrations of Vancomycin (30 µg/ml) and Gentamycin 
(10 µg/ml). Wells 3 to 9 contained serial dilutions of Vancomycin (15 – 0.234 µg/ml) 
and Gentamycin (5 – 0.0781 µg/ml). Well 10, for (a) and (b), represented the bacterial 
growth control sample. 
 
To investigate the influence of silver-free and silver-containing chitosan on the living 
bacterial cells, the respective nanofibre mats (containing 0 and 7.5% wt/wt) of silver 
were allowed to interact with a cell suspension (density of 1×10
6
 cells/mL in 
phosphate buffered saline) for 5 h. Figure 5.15 shows the results obtained.  
 
A pink/red colour indicates the presence of bacteria and a clear to yellow color 
indicates the absence of viable bacteria. Well 1 for a, b and c contained the 
nanofiber/pure silver control. Well 2 contained the starting concentrations: silver-free 
chitosan (10 mg/ml), silver-containing chitosan (10 mg/ml) and pure silver (100 
mg/ml).   
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Figure 5.15. INT assay of: (a) silver-free chitosan nanofibres (b) silver-containing 
chitosan nanofibres and (c) pure silver nanoparticles. 
 
Wells 3 to 10 contained the serial dilutions of the nanofiber samples tested: silver-free 
chitosan (5 to 0.078 mg/ml), silver-containing chitosan (5 to 0.078 mg/ml) and pure 
silver (50 to 0.78 mg/ml). Well 10 contained all the S.aureus culture controls. Rows 1 
to 3 for a, b and c represent 3 replicates. 
 
Overall, these results indicated that the pure chitosan nanofibres, silver-containing 
chitosan nanofibres and pure silver nanoparticles were sufficient to kill most of the 
bacteria, as shown in Figure 5.15.  
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For the pure silver nanoparticles, the MIC values were smaller than or similar to, 
those reported previously (Morones et al., 2005, Pal et al., 2007). Chitosan, when 
applied alone, exerted antimicrobial effects at concentrations similar to those reported 
in the literature (Qi et al., 2004, Wei et al., 2009). The mechanisms of antimicrobial 
activity of chitosan and silver nanoparticles have been the subject of in-depth study. 
Silver has long been recognized as a broad-spectrum and highly effective 
antimicrobial agent for treating wounds and burns and is considered the most toxic 
element for microorganisms, its antimicrobial activity in ionic form is being well 
researched. Silver ions act as an antimicrobial agent by denaturizing the proteins and 
nucleic acids of the bacteria by binding to their negatively charged components. In 
addition, silver generates oxygen which in turn destroys the cell wall membranes of 
bacteria (Duan et al., 2007).  
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CHAPTER 6 
 
SUMMARY AND CONCLUDING REMARKS 
 
Electrospinning is a versatile method for producing ultra-thin nanofibres from 
synthetic and natural polymers. The present study investigated and demonstrated the 
successful optimisation of PEO and chitosan nanofibres by electrospinning. The 
biocidal effects of chitosan, chitosan-silver nanofibres and silver nanoparticles were 
successfully investigated.  
 
In the first part of the study, the effect of the solution parameters (concentration, 
molecular weight, solvent and addition of polyelectrolyte) and applied potential 
voltage on the structural morphology and diameter of PEO nanofibres were 
investigated. The concentration of the aqueous PEO solution had a significant effect 
on the fibre diameter and structural morphology of the nanofibres. At lower PEO 
concentrations, the fibres had an irregular morphology with a large variation in fibre 
diameter, whereas at the higher concentrations, the nanofibres exhibited a regular 
morphology with, on average, uniform but larger fibre diameters. Larger average 
diameters were also obtained with a higher molecular weight material, when 
compared to that obtained with the same polymer but of a lower molecular weight. 
The addition of a polyelectrolyte to the polymer solution increased its conductivity 
and consequently, the structural morphology of the nanofibres changed. When the 
applied voltage was increased from 10 to 17.5 kV, fibres with clusters of beads were 
formed, which resulted in increased fibre diameters. As the applied voltage was 
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further increased to 20kV, the fibre diameter decreased and at 25kV, a „„bead-on-
string‟‟ morphology was obtained.  
 
The influence of the jet path in producing uniform and bead-free nanofibres was 
investigated and it was found that the length of the straight jet path, relative to that of 
the whipping path, during fibre formation played a major role in the formation of 
uniform and bead-free nanofibres. It was found that PEO nanofibres spun with higher 
PAH concentrations provided uniform fibres with longer straight jet path than those 
spun with lower PAH concentrations. By maintaining the same electrospinning 
conditions, higher molecular weight polymer solutions produced beaded nanofibres 
with larger diameters in comparison to the lower molecular weight polymers. Flow 
simulation studies of an electrically charged polymer solution showed that an increase 
in the flow rate was associated with an increase in PAH concentration for the low 
molecular weight polymer, the shape and size of the Taylor cone increasing with an 
increase in PAH concentration for the low molecular weight polymer. 
 
In a follow up study, the optimisation of the electrospinning process and parameters 
for PEO nanofibres were investigated. A processing window based on statistical 
modelling using the Box and Behnken factorial design, which can be utilised for the 
optimisation of process and solution parameters in electrospinning was identified. Of 
all the parameters studied, the interaction effect between PAH concentration and the 
tip-to-collector distance played the most significant role in obtaining uniform 
diameter of nanofibres, followed by the interaction between the tip-to-collector 
distance and applied voltage and lastly by the applied voltage. The combination of a 
3% (+1 level) PAH concentration, 17 cm (+1 level) the tip-to-collector distance and 9 
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kV (-1 level) of the applied voltage provided uniform nanofibres with the lowest 
diameter of 112 nm. This study also showed that interactions between the different 
variables, rather than one particular parameter, played a significant role in producing 
uniform nanofibres. This part of the study provided a new direction in optimizing the 
electrospinning process to precisely control the fibre diameter by means of the 
selected parameters.  
 
The influence of the design of the collector screen on the formation of electrospun 
nanofibres was investigated. Various morphological structures and controlled 
alignments could be produced by using collector screens with different patterns. By 
using parallel, segmented, circular and flat collector shapes, the resultant nanofibres 
adopted the shape at which the electric field strength was directed.  
 
The optimisation of the various electrospinning parameters for producing chitosan 
nanofibres was also investigated. It was found that the interactions between electric 
field strength and the ratio of TFA/DCM solvents as well as between electric field 
strength and chitosan concentration had the most significant effect, followed by the 
concentration of chitosan in terms of producing nanofibres with uniform diameters. 
The combination of 0.75kV cm
-1
 (+1 level) electric field strength, 80/20% (+1 level) 
solvent ratio and 5% wt/v (0 level) chitosan concentration produced uniform 
nanofibres with the lowest diameter of 150 nm. This study showed that the interaction 
between the different variables played the most significant role than any single 
parameter in producing nanofibres with improved uniformity and structural 
morphology.  
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In one part of the research the structural morphologies of chitosan and chitosan-silver 
nanofibres were investigated and it was shown that chitosan and chitosan-silver 
nanofibres could be successfully electrospun by controlling the solution properties, 
such as surface tension and electrical conductivity; with the silver nanoparticles in the 
chitosan solutions positively affecting the electrospinnability. This investigation also 
showed that silver nanoparticles in the chitosan solution modified the dispersion 
properties of the solutions and the morphological characteristics of the electrospun 
nanofibres, producing nanofibres with smaller diameters. The surface tension of the 
chitosan and silver-chitosan solution ranged from 17.8 - 19 mN/m and conductivity 
from 96 – 256 mS/cm, for silver loadings ranging from 0 to 10 wt%. The results 
indicated that the presence of silver nanoparticles led to an increase in the surface 
tension of the chitosan solution due to the high polarity of the silver nanoparticles, 
thereby resulting in a decrease in the diameter of the electrospun chitosan and silver-
chitosan nanofibres with an increase in the silver content. The electrospun chitosan 
nanofibres had a smooth surface and round shape, while the silver-chitosan nanofibres 
had a distorted morphology.  
 
The biocidal effects of chitosan and chitosan-silver nanofibres as well as of the silver 
nanoparticles were studied, using S. aureus and in E. coli bacterial cultures. The 
chitosan and silver-chitosan nanofibres as well as the silver nanoparticles exhibited 
antimicrobial or inhibition activity against S. aureus than against E. coli, probably due 
to the fact that the Gram-positive S. aureus bacteria are more sensitive than the Gram-
negative E. coli bacteria. Electrospun nanofibres containing 7.5% wt/wt silver 
nanoparticles showed zones of inhibition of 11 mm around the circular nanofibre 
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disks. When filtering the S. aureus bacterial culture through the chitosan nanofibrous 
membrane, successful cell adhesion and spreading occurred.   
 
The time needed for the nanofibre sample to effectively inhibit 10
6 
cells/ml 
concentration of bacterial culture was investigated. The average Log colony forming 
units per ml (CFU/ml) values for the silver-free chitosan nanofibres, the silver-
chitosan sample containing 7.5% wt/wt silver nanoparticles and the pure silver 
nanoparticles were measured. Only 30 min was required to effectively inhibit 10
6
 
cells/ml concentration of culture for the silver-free chitosan and silver-containing 
chitosan nanofibres, while 60min was required for the pure silver nanoparticles to 
cause inhibition on the electrospun nanofibres. In terms of the inhibition against S. 
aureus bacterial cells, MIC values of chitosan nanofibres, chitosan-silver fibres and 
pure silver was 5 mg/ml (99.52% bacterial inhibition), 0.625 mg/ml (99.95% bacterial 
inhibition) and 50 mg/ml (99.87% bacterial inhibition), respectively. The chitosan-
silver nanofibres containing 7.5% wt/wt silver nanoparticles inhibited a greater 
inhibition effect than with the silver-free chitosan or pure silver nanoparticles, 
suggesting a synergistic effect between the chitosan and silver nanoparticles. 
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FUTURE STUDIES 
 
Electrospinning represents a potentially promising technique for producing polymer-
based functional and high performance nanofibres which could revolutionise their 
applications in different fields. The electrospinning process is very flexible, enabling 
a wide range of polymer and biopolymer solutions or melts to be spun. The nanofibres 
so produced have potential in various applications, including wound dressings, 
composites, filtration, tissue engineering and drug delivery. Although a great amount 
of research and optimisation studies have taken place in the field of electrospinning, 
better control over the size and morphology of the nanofibres is required, it being 
important that the diameters of the fibres are consistent and controllable. Also, the 
production rates of electrospun nanofibres are very low and need to increase several 
folds in order to be commercially acceptable. This is particularly important for 
nanofibre applications where the integration of the nanofibres into other materials 
require a well-controlled fibre orientation and reproducibility. The development of 
new processing equipment for the mass production of electrospun nanofibres could 
present a means of addressing commercially viable products. Recently, electrospun 
nanofibrous scaffolds appear to hold considerable potential in tissue engineering. In 
such an application, nanofibres produced from various polymers can be used, for 
example in wound healing and skin regeneration. The chitosan and some of the silver-
chitosan electrospun nanofibres produced in the present study exhibited antimicrobial 
properties against S.aureus, but not against E. coli and C. Albicans. Further research 
to optimise the process using “green” electrospinning is required in this respect, for 
example, to identify a solvent system and process parameters that are suitable to 
produce electrospun nanofibres that can inhibit other bacterial growth. Because 
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nanofibres are delicate in nature, research to develop a processing system which 
integrates the electrospinning and nonwoven techniques is requested for various 
applications. 
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Figure 5.5 : Contour plots illustrating the solvent ratio and chitosan  
concentration  
interaction effect on diameters of nanofibres for two electric 
field  
   strength levels (a) -1 level (0.65) (b) +1 level (075) 
Figure 5.6 : Fibre diameter of electrospun chitosan nanofibres with and  
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without addition of silver particles. 
Figure 5.7 :  SEM images of electrospun a) chitosan and b) chitosan-silver  
   nanofibres showing silver nanoparticles (SNP) on the nanofibre  
   surface 
Figure 5.8 : Representative AFM topographies of 5% wt/v chitosan  
  nanofibres (a)  
without silver nanoparticles, (b) with 7.5% wt/wt silver 
nanoparticles, (electrospun at 0.8 kV/cm) 
Figure 5.9 : (a) SEM micrograph image and (b) EDX spectrum of 5 % wt/v  
   electrospun chitosan nanofibres 
Figure 5.10 : SEM images of 5 % wt/v chitosan electrospun nanofibres, with 
(a) 2% wt/wt, (b) 5% wt/wt, (c) 7.5% wt/wt (d) 10 % wt/wt 
silver nanoparticles, (e) EDX spectrum of chitosan-silver 
nanofibres containing 7.5 % wt/wt silver nanoparticles 
Figure 5.11 : Agar plates showing zones of inhibition after 24 hrs of  
incubation of S aureus a) positive control of Vancomycin b) 
chitosan c) chitosan containing 7.5% wt/wt silver nanoparticles 
for one type of bacteria 
Figure 5.12 : SEM image showing bacterial cells attached to electrospun  
   chitosan nanofibres 
 Figure 5.13 : Comparison of average Log CFU/ml for; (A) positive control  
   (Vancomycin), (B) chitosan nanofibres (C) chitosan-silver 
    nanofibres, (D) silver nanoparticles and (E) negative control 
(S.aureus culture only) 
Figure 5.14 : INT assay of (A) Vancomycin (30µg/ml) tested against  
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S.aureus culture and (B) Gentamycin (10µg/ml) tested against 
E.coli 
Figure 5.15 : INT assay of (a) silver-free chitosan nanofibres (b) silver- 
containing chitosan (c) pure silver nanoparticles 
 
 
